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EXCRETION OF SELENIUM BY RATS ON A 
SELENIFEROUS WHEAT RATION! 


H. D. ANDERSON AND A. L. MOXON 


South Dakota Agricultural Experiment Station, Brookings 
TWO FIGURES 


(Received for publication February 14, 1941) 


Students of public health frequently raise the question 
whether animals which have subsisted on seleniferous rations 
are safe for human consumption. The answer can hardly 
be forthcoming until more is known of the actual effects of 
selenium on man. At present, outside of certain skin lesions 
(Lemley, 40) due to selenium sensitivity, little is known of 


the human pathology due to the ingestion of selenium as it 
may occur in foods. 

With the above question in mind, it becomes of interest to 
determine how much selenium is stored by the animal and 
how fast and by what means this element is excreted. 

In this laboratory Moxon (’41) observed that when rats 
were fed a toxic wheat ration containing 18 p.p.m. of selenium, 
the fecal excretion of selenium increased from 16% to 22% 
of the ingested selenium over a period of 6 weeks. The 
amount excreted in the urine increased from 20.2% to 35.5% 
of the selenium ingested. Thus the animals retained 63.5% 
of the selenium intake during the first week. The percentage 
of retained selenium gradually but steadily decreased until 
the sixth week at which time it amounted to but 40%. This 
continual decrease in selenium retention, signifying an ap- 
proach to an equilibrium state, suggested that a saturation 

* Approved for publication by the director of the South Dakota Agricultural 
Experiment Station as journal series 135. 

103 
THE JOURNAL OF NUTRITION, VOL. 22, NO. 2 
AUGUST, 1941 
Copyright 1941 


The Wistar Institute of Anatomy and Biology. 
All rights reserved. 








104 H. D. ANDERSON AND A. L. MOXON 


process was involved. The point of equilibrium or saturation 
was not reached in this particular experiment because the 
animals invariably died first. 

Inorganic selenium compounds, when injected or adminis- 
tered orally, have been shown to be excreted quite rapidly by 
‘ats, rabbits (Smith et al., ’37) and rats (Gortner and Lewis, 
’°39); most of the selenium was eliminated within 2 weeks 
after the administration was discontinued. Smith et al. (’38) 
reported a greater retention of the naturally occurring or- 
ganic selenium compounds than of Na.SeO,. In our experi- 
ments no such difference in retention of natural selenium 
compounds and Na,SeO, was observed but our level of selenium 
supply was considerably lower (18 p.p.m.). 

Munsell et al. (’36), in some preliminary studies on the 
retention of naturally occurring selenium compounds, indi- 
cated that there is a rather slow elimination of the selenium 
by the rat, but she did not establish how rapidly the major 
portions of this excretion took place, i.e., whether it was a 
constant amount or subject to considerable change. From a 
consumer’s standpoint it should be interesting to know how 
fast and to what extent most of the elimination takes place. 
The following experiment was designed to supply some of 
this information. 


EXPERIMENT 


Previous data, obtained in this laboratory, indicated that 
the selenium concentration of the rats on a seleniferous diet 
showed a sufficiently close correlation within the groups to 
justify sacrificing a few animals from time to time as repre- 
sentatives of the group. In this experiment, then, we classified 
the animals into equivalent groups according to weight, sex 
and age, placed them on the seleniferous ration, and analyzed 
representative animals weekly as an index of the status of 
the whole group. 

In the first series thirty adult rats received a ration having 
the following percentage composition: wheat no. 607 (30 
p.p.m. of Se) 82; casein 10; salt mixture (MeCollum) 1; pure 
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leaf lard 3; dried yeast ? 2; and cod liver oil * 2. This ration 
contained approximately 25 p.p.m..of selenium and was fed 
ad libitum for a period of 4 weeks. The animals were then 
transferred to the stock ration having the following percentage 
composition: corn 32.5; wheat 37.5; rolled oats 20.0; alfalfa 
meal 5; and 1% each of cod liver oil, yeast, Ca,(PO,)., NaCl 
and CaCO, respectively. 

Each week of the experiment, three representative animals 
were killed by decapitation and autopsied. Before being 
killed, the animals were brushed carefully to remove any 
adhering food particles. The livers were taken as one sample 
for selenium analysis, the rest of the carcass serving as 
another. After decapitation the liver was removed, washed 
in distilled water, drained on a pad of clean filter paper and 
dried on a watch glass. The alimentary tract was removed, 
split lengthwise, washed free of undigested food, and re- 
turned to the carcass. The whole carcass was then ground in 
a meat chopper and dried on a large watch glass. Analyses 
were made by the modified method of Robinson, Dudley, 
Williams and Byers as described in a previous report (Moxon, 
37). 

The second series was designed to be a repetition of the 
first but this time young growing rats were used instead of 
adult animals. Thirty rats weighing approximately 50 gm. 
each received the toxic ration for the 4-week period and 
were then transferred to the stock ration. A control group 
of ten rats was included in this series to serve as a basis 
for comparing the growth response. 

The data presented graphically in figure 1 indicate that 
the animals continued to store selenium throughout most of 
the 4-week period, the amount stored reaching a maximum 
at the time that the toxic ration was removed. The young rats 
apparently stored greater amounts in their body tissues than 

* Yeast foam powder manufactured by the Northwestern Yeast Co., Chicago, II. 


*Cod liver oil containing 80 I.U. of vitamin D per gram, obtained from the 
National Oil Products Co., Harrison, N. J. 
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the adults, although the liver storage in the two groups proved 
to be roughly comparable. After the rats were transferred to 
the non-seleniferous stock ration there was a rapid fall in 
the concentration of selenium, especially in the livers. The 
quantity in this organ did not reach zero, however, and this 
may be taken as indicating that small amounts are bound too 
securely to be eliminated over a period of 6 weeks. 


OWNG-RATS 
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| — Toxic Diet 
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Fig.1 Curves showing the concentration of selenium in the livers and the rest 
of the carcass of rats on the toxic diet, and the results obtained when animals are 
transferred to non-toxic rations. 


Each point represents a composite sample from three rats, since the livers of 


individual rats offer too small a sample for accurate analysis. 
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The growth responses to the toxic and non-toxic ration are 
shown in figure 2. Subsistence on the toxic ration for 4 weeks 
had a considerably depressant effect upon the body-weight 
of both the young and adult rats. 


(Loss) - Weight in Percent - Gain) 





s ! 





Toxic Diet —]———Noraal Diet ———| 


Fig.2 Curves showing the percentage gain or loss in body weight of rats 
on the toxie rations as compared with the control group. (I) refers to the 
control group, (II) the young rats on the toxic diet and (III) the adult rats 
on the toxic diet. 

DISCUSSION 

The results obtained in this experiment indicate that at least 
for the rat, most of the selenium is eliminated within 2 weeks 
after the animals are transferred from a seleniferous wheat 
ration to a selenium-free diet. Some appears to be retained 
however, and this would account for the continued excretion 
of selenium which has been observed in cats (Smith et al., ’38) 
to extend over a period of several months. If this condition 
exists in other species, then in spite of the fact that some 
of the naturally occurring selenium is retained for several 
months by the animal, from a quantitative standpoint much 
could be gained by placing the animals on a non-seleniferous 
ration for an appropriate period before slaughtering them. 
At least a large part of the selenium could be prevented from 
entering the human diet by this procedure. 
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The recent observation that bromobenzene (Moxon et al., 
40) increases the selenium excretion from the animal body 
offers another possible procedure for making selenized ani- 
mals safer for human consumption. Not enough is known as 
yet of the action of this compound in lowering the tissue 
concentration of selenium to warrant specification of details 
of such a method at the present time, but the observation 
opens a field worthy of more extensive investigation. 

SUMMARY 

1. The greater portion of the selenium absorbed by rats 
from naturally occurring seleniferous wheat was excreted 
when the animal was transferred te non-seleniferous stock 
ration. Some of the selenium was eliminated very slowly and 
appeared to be bound by the body tissues but the greater 
portion of the selenium appeared to be eliminated within 
2 weeks. 

2. Young rats appeared to store more selenium in the body 
tissues other than liver than old rats. Storage in the livers 
appeared to be similar. 

3. Feeding of the toxic ration for only 4 weeks had a de- 
pressing effect upon the body weight of both young and adult 
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IMPROVED DIETS FOR NUTRITIONAL AND 
PATHOLOGIC STUDIES OF CHOLINE 
DEFICIENCY IN YOUNG RATS 


R. W. ENGEL AND W. D. SALMON 


Laboratory of Animal Nutrition, Alabama Polytechnic Institute, Auburn 
TWO PLATES (FIVE FIGURES ) 
(Received for publication February 17, 1941) 
INTRODUCTION 


In the investigations of vitamin B, in this laboratory symp- 
toms of severe toxicosis frequently developed in rats fed puri- 
fied diets supplemented with crystalline vitamins. The work of 
Griffith and Wade (’39a) suggested that this toxicosis was 
a result of choline deficiency. 

It is the purpose of this paper to report the effectiveness 
of various purified diets in producing choline-deficiency 
symptoms and to report the pathological changes accompany- 
ing these symptoms. 


MATERIALS AND METHODS 


Animals. Twenty-three-day-old male and female rats of the 
Steenbock and Wistar strains were kept in individual cages 
with raised screen floors. About 300 animals were used in 
these studies. 

Diets. The diets listed in table 1 were used with varying 
degrees of success. The animals had continuous access to the 
diet except for a few hours each day when supplements were 
fed. Each animal received daily, in separate food jars, 20 ug. 
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each of thiamine chloride,' pyridoxine, and riboflavin, factor 2 
concentrate equivalent to 1 gm. of liver and, in the case of 
rats on the fat-low diets, 0.1 ml. of corn oil. Vitamins A and 
D were supplied weekly in the form of beta-carotene and 
calciferol. Control animals each received 10 to 20 mg. of 
choline chloride per day. 


TABLE 1 


Percentage composition of the diets 


DIET NO 31 P 31 CP 31 PM 31 PMC 31CPMC 31F 6L 
Arachin ' 18 17.7 

Peanut meal * 24 30 29.7 

Casein 6 6 18 17.7 
Sucrose 78 78 72 4 54 78 68 
Salt * 4 4 4 4 4 4 
Lard 6 6 10 
Cystine 0.3 0.3 0.3 


* Prepared from peanut meal according to Johns et al. (’16). 
I I g 
*Percolated with 61.5% aleohol by volume for 24 hours, followed by five 
2-hour extractions with boiling 95% alcohol. 
*Labeo casein extracted four times (2 hours each) with boiling 95% alcohol. 
* J. Biol. Chem., 1930, vol. 89, p. 199. 


Technical procedures. The animals were killed by bleeding 
through the carotid vessels. Materials desired for routine 
microscopy were preserved in Bouin’s fluid, embedded in 
paraffin and stained with hematoxylin and eosin. In some 
eases formalin-fixed sections of liver were sectioned in the 
frozen state and stained with scarlet red. Liver, kidney, and 
adrenal tissues were treated with Maximov’s osmic acid stain 
for fat; the xanthydrol reaction (Romeis, ’28) was used on 


*The erystalline vitamins were generously supplied by Merck and Company, 
Rahway, N. J. The pantothenic acid fraction (factor 2 concentrate) used in this 
work was prepared as follows: 500 gm. of liver extract (Lilly no. 343) in 1500 ml. 
of H,O was treated with 500 gm. of English fullers earth which was filtered out 
and washed with five 500 ml. portions of H,O. The treatment was repeated five 
times with 250 gm. of fullers earth, the volume of the filtrate being kept up to 
1 liter. The filtrate and washings were concentrated to 1250 ml., filtered and 
stored under Skelly Solve B at 3-5°C. until fed. In later experiments, it has been 
found that identical results are obtained by substituting calcium pantothenate 


(Merck) for the liver preparation. 
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some kidney and brain sections ; and some kidney sections were 
treated with Mallory’s (’38) aniline blue collagen stain. 


EXPERIMENTAL RESULTS 
Effectiveness of the diets. 


Diets 31 P, 31 CP, and 31 PM were equally effective in pro- 
ducing severe choline deficiency in all the animals. However, 
these diets were obviously inadequate in other essential food 
factors since control animals receiving 10 mg. daily of choline 
chloride made weekly gains of only about 5 gm. Diet 31 PMC 
produced severe symptoms in all the animals in 6 to 10 days. 
Control animals (20 mg. of choline chloride daily) remained 
normal and consistently gained about 3 gm. daily. Table 2 
presents growth records of rats receiving this diet. Cystine 
added to this diet failed to stimulate growth. 


TABLE 2 


Weight and mortality record of rats fed diets with and without choline 


AVERAGE BODY WEIGHT GAIN IN GRAMS IN 


AVERAGE 
DIET NO. INITIAL 6 - 8 9 10 14 
WEnent days days days days days days 
gm. 

(20) (20) (20) (18) (16) (11) (1) 

31 PMC 56 10 12 11 a) 4 2 
31 PMC+ (20) (20) (20) (20) (20) (20) (20) 
20 mg. choline daily 54 18 22 25 29 34 48 
31 CPMC + (8) (8) (8) (8) (8) (8) (8) 
20 mg. choline daily 49 15 20 23 28 33 49 


The figures in parentheses indicate the number of rats surviving. 


Diet 6 L produced gains of 2 to 3 gm. daily, but resulted in 
severe, acute symptoms in only about two-thirds of the animals. 
Diet 31 F. was used routinely in investigations concerning 
vitamin B-complex and fat deficiencies. On this diet about 
50% of the male animals developed the typical symptoms and 
about half of these died. Females were somewhat less suscepti- 
ble than the males on this diet. Considerable variations were 
also noted between different litters. Such litter or sex dif- 
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ferences were not noticed when the diets containing peanut 
meal were used. 

It should be emphasized that the animals which made the 
best gains during the first 5 or 6 days on experiment usually 
developed severe symptoms earliest and failed most rapidly. 


Description of the symptoms 


Choline deficiency symptoms usually appeared within 6 to 
10 days after the animals were placed on the experimental 
diets. Concomitant with drowsiness and inactivity, palpably 
enlarged kidneys and abdominal distention occurred. In 
severe, acute cases death resulted within 48 hours after 
the appearance of the first symptoms. Death was preceded by 
several minutes of extremely labored breathing, tremors, and 
coma. Extreme pain was evidenced by the fact that occa- 
sionally animals succumbed with their jaws set firmly in the 
cage wire. Circulatory impairment was indicated in the final 
stages by the loss of normal skin color, and lowered tempera- 
tures, particularly noticeable in the extremities. 

Less common symptoms were diarrhea and eye hemorrhage. 
The eye hemorrhage appeared to originate in the ciliary 
vessels and spread into the posterior chamber. In a few 
instances the animals exhibited vertigo. 

Blood samples from four rats on diet 31 PMC were pooled 
and the non-protein nitrogen was determined and found to 
be 247 mg./100 ml. of blood. Pooled samples of blood from 
two controls (20 mg. of choline chloride) had a non-protein 
nitrogen of 42 mg./100 ml. 


Necropsy observations 


Constant findings were enlarged, firm, bright red, hemor- 
rhagic kidneys with thickened capsule, extremely pale, fatty 
livers (table 3), and atrophied thymus. The kidney weights 
of the most severe cases averaged over 100% more than the 
kidney weights of control animals fed the same diet plus 
choline. Hydrothorax was present in most cases, and less 
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TABLE 3 
Kidney weight and liver fat in rats fed diets with and without choline 
rRES <IDNEY WEIG 
NuMBER FRESH KIDNEY WEIGHT 


DIET NO. : IN PER CENT OF LIVER FAT ! 
CP BATS MAXIMUM BODY WEIGHT 


31P 7 3.11 46.4 
31 P + 10 mg. choline daily 8 1.33 15.6 
31 CP 3 2.89 47.4 
31 CP + 10 mg. choline daily 4 1.31 32.3 
31 PM 4 2.68 45.6 
31 PM + 10 mg. choline daily 4 1.32 24.0 
31 PMC 4 2.61 49.5 
31 PMC + 10 mg. choline daily 3 1.40 25.9 
6L 8 2.37 55.1 
6 L + 20 mg. choline daily 8 1.14 11.4 
31 F, N 2.37 


* Per cent ether extract in the dry liver. 
e 

frequently, ascites was found. Foci of hemorrhage in the 
heart muscle, adrenal cortex, and lungs were frequently 
present. In many animals the lumbar and sacral lymph nodes 
were filled with blood. The spleen varied in appearance: in 
some animals it was extremely swollen and bright red; in 
others it was shrunken and quite pale. Severe congestion in 
the mesenteric vessels and in the descending aorta was also 
frequently seen. 

Rats which survived an acute attack resumed growth and 
survived for from several weeks to several months. In such 
cases necropsy revealed a kidney surface severely pitted and 
scarred with connective tissue, and the capsule adhering to 
the surface. Animals in which the acute attack was less 
severe made an apparently complete recovery and showed 
only mild connective tissue scarring of the kidney surface. 


Microscopic observations 


Kidney. The renal hemorrhage originated in the arteriole 
beds in the periphery of the cortex. The efferent cortical 
vessels were primarily involved, but the glomeruli were also 
affected in the severely hemorrhagic condition. In the acute 
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fatal stages the kidney cortex became hemorrhagic through- 
out with disintegration and necrosis of the tubular system. In 
such kidneys the collecting tubules throughout the medulla 
were filled with blood, cellular debris, and hyaline masses. 
Extensive hemorrhage occurred between the capsule and the 
kidney surface. The capsule was thickened by connective 
tissue proliferation. 

In animals which succumbed to the chronic form of the 
disease the tubular system of the kidney cortex was completely 
invaded by connective tissue with some calcification. The 
blood vessel walls were thickened in certain of the most 
severely scarred areas. The tubular system of the medulla 
retained its normal structure. Mild chronic cases presented 
only wedge-shaped areas of connective tissue invasion from 
the cortical surface inward, with tubules still normal in the 
adjoining areas. 

Liver. The primary change in the liver was the uniform 
distribution of massive stores of fat in the liver cells. Ocea- 
sionally the central veins were extremely distended and filled 
with blood. 

Thymus. Parenchymatous atrophy and subsequent pro- 
liferation of fatty tissue resembled normal involution. Frontal 
sections through the organ showed only a small area of normal 
glandular tissue remaining. 

Spleen. Cellular changes in the red pulp were variable. In 
some cases severe congestion was present and the red pulp 
was overcrowded with erythrocytes. In other cases the red 
pulp was atrophied and the whole organ shrunken. The con- 
nective tissue framework was usually normal. 

Lymph nodes. The cortical substance sometimes was con- 
gested with erythrocytes and occasionally hemorrhage was 
present. Frequently, however, there were no abnormal changes. 

Adrenals. Hemorrhage occurred in the arterioles of the 
‘vapsule and between the cell columns of the cortex. It was 
most severe in the zona glomerulosa but occasionally it ex- 
tended inward as far as the medulla. The cortical cell columns 
were often necrotic where severe hemorrhage had occurred. 
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Lungs. Usually severe congestion with varying degrees of 
edema and hemorrhage was present. Blood vessels were filled 
with blood and were severely distended. 

Heart. Foci of hemorrhage and infiltration of white blood 
cells appeared in the myocardium in both right and left ven- 
tricles. Frequently there was extensive necrosis of the muscle 
fibers in the severely affected areas. 

Xanthydrol reaction. Extensive deposits of needle-like 
crystals of xanthydrol in sections of brain and kidney indi- 
cated uremia. 


DISCUSSION 


The observations herein reported demonstrate conclusively 
that severe pathological changes result in young, growing 
rats fed diets deficient in choline. The pathological observa- 
tions essentially confirm those reported by Christensen (’40). 

Increase in kidney weight was found to be a reliable criterion 
for determining the effectiveness of various diets for produc- 
ing choline deficiency. Approximately a 100% increase in 
kidney weight consistently resulted in either male or female 
rats fed the diets in which peanut meal was the sole or principal 
source of protein. This increase was about 65% in the animals 
fed diets containing casein as the principal source of protein. 

Earlier work on kidney hemorrhage in rats fed purified diets 
has been adequately reviewed by Griffith and Wade (’40). 
Although it was concluded that cystine was the damaging 
agent, it is interesting that some of these workers were using 
diets which were low in choline. Griffith and Wade (’39b, 
40) and Griffith (’40 a) have shown that cystine added to the 
diet exaggerated choline deficiency symptoms and that either 
methionine or choline was protective. On the basis of these 
findings it would appear that the peanut meal diets used in 
the present investigations contained the sulphur-amino acids 
in ideal proportions for the production of choline deficiency. 
The sulphur-amino acid composition of these diets is not 
known, but the excellent growth obtained by the simple addi- 
tion of choline chloride to diet 31 PMC indicated that these 
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amino acids were present in adequate amounts. Furthermore, 
the addition of cystine to these diets failed to stimulate growth. 

Griffith (’40b) has reported that male rats are more sus- 
ceptible to choline deficiency than females. Sex and litter 
differences in susceptibility to choline deficiency were en- 
countered in these experiments with diets containing casein 
as the sole protein, or in similar diets with 0.3% cystine 
added. Such litter and sex variations were not encountered, 
however, when the diets containing peanut meal were used. 
In experiments conducted to study mortality from choline 
deficiency on diet 31 PMC, seventy-nine out of eighty rats 
(forty females and thirty-nine males) died by the twelfth day 
of the experiment. 

Since preliminary findings indicate that choline deficiency 
symptoms are in part manifested by high non-protein nitrogen 
in the blood, it is possible that the diets employed here would 
be ideal in studies concerning the production of experimental 
uremia. 

The data presented here are of importance in relation to 
nutritional investigations where purified diets are employed. 
Subacute cases of choline deficiency could easily be overlooked 
since such animals appear quite normal and palpably enlarged 
kidneys is the only reliable symptom. Routine choline supple- 
ments to purified diets for the rat would appear essential on 
the basis of the present findings. 


SUMMARY AND CONCLUSIONS 


Diets were developed which consistently produced a fatal 
toxicity in young growing rats of either sex in from 6 to 10 
days. The symptoms consisted of inactivity, abdominal dis- 
tention, palpably enlarged kidneys, labored breathing, coma, 
and, in some cases, eye hemorrhage and vertigo. 

Microscopic examination revealed severe hemorrhage in the 
kidney cortex, varying degrees of hemorrhage in the adrenals, 
lungs, myocardium and lymph nodes, massive deposits of fat 
in the liver cells and atrophy of the thymus. A high non- 
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protein nitrogen in the blood and a positive xanthydrol reac- 
tion indicated uremia. 

Choline chloride (10 or 20 mg. per rat per day) prevented 
these symptoms. The advisability of routine choline supple- 
ments to purified diets in nutrition investigations with the rat 
has been emphasized. 


The authors wish to thank Cornelia Stevens Flanagan for 
microtechnical assistance in this work. 
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PLATE 1 


EXPLANATION OF FIGURES 


1 Kidneys from litter mate rats after 7 days on diet 31 PMC (upper) and 


diet 31 PMC + 10 mg. choline chloride daily (lower). The dark surface of the 
upper kidney is due to hemorrhage in the cortex. Also notice the size difference. 
x 2.5. 

2 Choline deficiency. Section of kidney cortex. Notice the accumulation of 
blood in the spaces surrounding the necrotic convoluted tubules, and in the 
glomeruli. X 150. 

3 Higher magnification of the outlined area in figure 2. Notice the extreme 
congestion in Bowman’s capsule and the rupture of its wall, also the necrotic 
tubules surrounded by the red blood cells. xX 320. 
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PLATE 2 


EXPLANATION OF FIGURES 


4 Choline deficiency. Section of kidney capsule (upper half) and kidney cortex 
(lower half). Notice the extremely thickened capsule. The convoluted tubules in 
the cortex are completely destroyed. x 115. 


5 Higher magnification of the outlined area in figure 4. Notice the unusually 


a) 
large blood vessels in the capsular connective tissue and the accumulation of red 


blood cells in the extravascular tissue. « 265, 


120 
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Studies in nutrition as carried out on laboratory animals, 
especially rats, have dealt largely with deficiency states. Defi- 
ciencies manifest themselves either in more or less specific 
symptoms or in a growth deficit below the normal growth for 
the given age. Deficits in growth can be measured against 
controls but are more frequently established by growth re- 
sumption when the deficiency is remedied. As our knowledge 
progresses and the requirements of experimental work become 
more rigorous the question often arises as a practical issue: 
‘*What is normal or optimal growth or what should be the 
course of growth in the rat strain employed, when there are no 
deficiencies?’’ Control groups of sizes commonly employed 
usually give the answer but do not always completely satisfy 
all the requirements. The collection of data and their analysis 
here presented were not undertaken with a view to the general 
biology of growth but arose out of the practical necessity of 
knowing more of the growth performance of the rat. 


EXPERIMENTAL 


In table 1 will be found the mean weights from 4 weeks 
(age of weaning) to 17 weeks of all the males and females 
introduced into our breeding colony in 1936 and 1937, together 
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with the standard deviations and coefficients of variation. In 
figure 1, curve 2 represents the 1936 females, with some addi- 
tional data up to 50 weeks of age and on pre-weaning growth. 
The individual points in the 17-50 week period are based on 
small numbers, and ages as well as weights are averaged, since 
during this period the females were bred repeatedly and were 
weighed only occasionally between pregnancies. We have only 
a few pre-weaning data on these 1936 and 1937 rats. More 
extensive recent data show that pre-weaning growth in our 
colony is properly represented by these few earlier data. The 
number of young each mother was allowed to raise ranged 


TABLE 1 


Body weight and variability of breeding animals on stock diet, 
1936 and 1937 combined. 


FEMALES N = 311 MALES N = 42 
WEBRKS 

M a CV M o CV 
4 51.4 4.5 8.8 61.0 §.2 8.5 
5 72.8 6.7 9.2 87.6 8.1 9.3 
6 92.4 9.6 10.4 115.4 13.2 11.4 
7 107.0 11.3 10.5 138.6 18.3 13.2 
8 119.0 13.1 11.0 164.1 22.9 14.0 
9 130.0 14.4 11.1 185.9 24.0 12.9 
10 140.0 14.9 10.6 204.8 24.5 12.0 
11 148.7 14.9 10.0 221.3 23.9 10.8 
12 156.9 14.8 9.6 236.6 23.2 9.8 
13 163.0 14.8 9.1 249.6 23.8 9.5 
14 168.9 15.5 9.2 261.7 24.4 9.3 
15 173.2 15.1 8.7 271.4 25.9 9.5 
16 178.5 17.2 9.5 280.6 25.8 9.2 
17 182.8 18.3 10.0 288.1 27.9 9.7 

o \ a1 cv = A x 100. 


The mean values (M) were obtained for each age on the same 311 females and 
the same 42 males. The age tabulated is the actual age to within a day of each 
individual rat. Weights were determined to the nearest gram. 

The standard deviations (¢) and coefficients of variation (CV) are intended to 
characterize these particular data only. They do not characterize the colony as a 
whole because the breeding stock animals are selected at weaning so that the 


weights cluster around chosen means. The coefficients of variation of the weaning 
weights of the total (unselected) population during 1936 are: male CV = 15.6, 
N 603; female CV = 14.5, N = 676. We do not know whether the peak in 
variability at about 8 weeks, with males more variable than females, found for the 
breeding stock would also be found for the total colony output (see Sherman and 
Campbell, °34). 
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from four to eight, seven being by far the most frequent, 75% 
of the total being either six or seven. The animals were fed 
upon our regular stock diet, with no special supplements at 
any time. This diet contains 15% each of ground yellow corn, 
ground hulled barley, ground shelled oats, ground whole wheat 
and soy bean meal. It contains 10% each of meat scrap and 
whole milk powder, 2% each of alfalfa leaf meal and sodium 
chloride, and 0.5% each of calcium carbonate and molasses 
(as a binder in pellet making). Essentially this form of diet 
has been in use in this laboratory since 1932. In 1936 it be- 
came available in pellet form, and has been found convenient 
and satisfactory in our own colony as well as in several others 
in this institution. The subject matter of table 2 discussed 
below indicates that the stock diet as far as growth is con- 
cerned has no properties different from the diets of the other 
investigators there mentioned. 


DISCUSSION 


Formulation of data. Figure 1 is a comparison of our growth 
curve with several others in the literature. Curve 1 represents 
the growth of female rats of The Wistar Institute colony; 
instead of using the smoothed curve of Donaldson’s mono- 
graph (’24) we have taken the original data which appear 
only in the paper of Donaldson, Dunn and Watson (’06). For 
a time this was considered standard rat growth and was used 
by Robertson, Brody, and Pear! as the basis for equations in 
the theoretical study of growth. Its salient characteristic is a 
sigmoid form between the ages of weaning and adult life, and 
it was this feature, with its point of inflection located in the 
post-weaning period as shown in the graph, around which the 
theoretical considerations largely centered. Referring to these 
generalizations, in presenting the results of improved diets 
Osborne and Mendel (’26) say: ‘‘The ‘curves of growth’ 
may not be in harmony with some of the current interpreta- 
tions of growth.’’ Their 1926 data were nearly free of the 
post-weaning point of inflection, and what is left of it occurs 
too early to fit in with the interpretations mentioned. Curve 3 
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of figure 1 represents the most recent growth curve of the 
Osborne-Mendel colony (Mendel and Hubbell, ’35). 

Curves 2 and 3 are representative of the greatly simplified 
shape of post-weaning rat growth obtained on the newer stock 
diets. All growth curves have a point of inflection, but this is 
now completely transferred to the pre-weaning period as illus- 
trated in figure 1. The simple form, with constantly decreasing 
slope, with no trace remaining of the strongly marked sigmoid 
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Fig. 1 Rat growth curves—ordinary (linear) plotting. Authors’ data represent 
167 female rats reared for breeding purposes in 1936. Arrows indicate the point 
of inflection in the Donaldson data, at 10 weeks, and in the authors’ data, at 3 
weeks. The point of inflection is the point where the curve is steepest. 


form of the older data, seemed to justify the attempt to trans- 
form it into a straight line function of variables based on time 
and weight. This was done simply for greater ease of inter- 
pretation of data and comparison of results. Such an empirical 
transformation, if it leads to a simple equation, is always use- 
ful but need not have, as such, any reference to theoretical 
interpretation or to the mechanism of the growth process. 

It was found that, if the logarithm of the weight is plotted 
against the reciprocal of time, a good straight line results. 
The formula for this straight line is: 

log W = —E- + log, 
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W being the weight at time t. The equation is a very simple 
one, containing merely the minimum number of constants 
necessary to define a straight line; A is the weight approached 
asymptotically ! in the adult animal (log A being the intercept 
of the straight line), and k is the slope of the line which charac- 
terizes the rate of growth (k = '%°—?%.""). On semi-log paper 
with a time axis of reciprocals (4 weeks = 0.25, 5 weeks = 0.20, 
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Fig.2 Log-reciprocal plotting (logarithm of W against reciprocal of time) of 
the data of figure 1. For clarity the proportions of this graph resemble those of 
figure 1, and background lines are omitted. 


etc.) the data can be plotted directly as obtained, with no pre- 
liminary calculations or adjustment of constants as is the case 
in the application of most other proposed equations, and of 
all other proposed equations covering this time range. Figure 
2 is such a plot of the data of figure 1. Figure 3 shows our 1937 
female data, and the averaged 1936 and 1937 data on males, 


*The asymptotic growth formula may at first sight appear disturbing. It is 
however by no means irrational particularly in the rat where closure of the 
epiphyses of the long bones happens very late in life (Dawson, ’25), if it ever 
happens so completely that further growth in length is excluded. Due consideration 
should be given to the fact (McCay et al., ’39) that after 1000 days of retarded 
growth, rats are still able to resume growth. Because of the nearly universal 
respiratory infections after middle life, it is difficult to obtain valid data to prove 


or disprove asymptotic growth. 
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~ 


plotted on the log-reciprocal paper used routinely in our 
laboratory. Both with our data and with those of Mendel and 
Hubbell the agreement with the proposed formulation is ex- 
cellent. This is true although Mendel’s animals are quite a bit 
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Fig.3 The lower curve gives the mean values for 144 females reared for breed- 
ing purposes in 1937. The upper curve represents the weights of forty-two males 
reared during 1936 and 1937. The graph paper is that used for routine records. 
The lines are the best fit to the combined 1936 and 1937 data, obtained by the 
method of least squares, which calculation also gives directly the values for k and A. 
Fitting can also be done by eye; A can then be read off the fitted line at infinity 
on the time seale, as indicated in the figure, and k can be caleulated from any two 
points on the line, using the formula for k given in the text. 


larger, having been selectively bred for size, as a part of the 
program of developing large rats, referred to in a number of 
papers from Mendel’s laboratory. The size difference of gene- 
tic origin (Mendel’s rats and ours are of the same original 
strain) has no effect on the shape of the growth curve, both 
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following the log-reciprocal formula equally well. The only 
difference is in the constant A. 

In figure 2 we have illustrated the occurrence of rats of two 
different inherent average sizes with the same growth k. It is 
now of interest to ascertain to what extent k and A will vary in 
other rat colonies. We have found in the literature data on 
growth of rats which will throw some light on this point. Some 
of these have been collected in table 2. It will be seen that for 
albino rats both the male and female k’s vary little from their 


TABLE 2 


Constants of log-reciprocal equation. 


FEMALES MALES Resite 
Age Age . k , 
range k A range k A —— 
Authors’ data’, * 4-50 2.84 | 270 | 4-17 3.65 | 470 | 1.29 


Mendel-Hubbell (’35),? 1935 rats 3-16 2.84 | 380 3-39 3.73 | 650 | 1.31 
Smith-Bing (’28) 3-33 2.76 | 316 3-33 3.67 | 548 | 1.33 
Macy et al. (’27) 

— group labelled ‘‘stock diet’’? 4-30 2.86 278 4-30 3.66 | 484 1.28 


Freudenberger (’32)*— albinos 3-64 2.80 282 3-64 3.70 440 1.32 

- iene —<—F) hl ie oe a ae 
King (’15)*,*,* 4-70 2 84 251 4-70 3.73 360 131 
Sperry-Stoyanoff, Series III (’34)° 3-22 3.68 476 


* Females known to have been bred regularly and weighed between pregnancies. 

* The original observations were not available; the points used in fitting were 
read off the published smoothed curves. 

* Rat groups a year or more old present a problem with regard to sickness and 
death, as mentioned below in connection with the Evans data. Freudenberger states 
that a not negligible number of abnormal weights were included in his mean 
values. The end of the curve therefore falls off the log-reciprocal line just per- 
ceptibly in the males, and quite obviously in the females. King applied a correction 
in her published figures. We have likewise done so. 

*The King data are among the earliest. The diet—‘‘selected table scraps’ ’— 
could, however, very well be good by current standards, and we have included the 
data because of the generally excellent fit to the equation. The points have a very 
unfortunate distribution on a log-reciprocal plot because of the large (30 day) 
interval between weighings. The decision between 2.98 and 2.84 for the female k 
rests on one point (the 30 day weight). The A value is not affected. We are 
inclined to accept the figure 2.84, particularly since the male data show no 
peculiarity. 

° Detailed growth data kindly supplied by Dr. Sperry. 
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. male 


kicase 28 constant within about 3% of the 


means. The ratio 
mean. 

The thought that the formula represents the inherent quali- 
ties of the growth curve is further substantiated in the case of 
animals artificially stimulated beyond their normal growth. 
Curve 4 in figure 1 and in figure 2 relates to data of Evans 
(’23-’24) on female rats of the pied Long-Evans strain, in- 
jected daily with anterior pituitary substance. In Evans’ 
table of individual weights a certain number of deaths are 
recorded and a few other cases of definite loss in weight. Since 
we are discussing normal growth, we have omitted from the 
mean values all weight data indicative of either definitely 
abnormal conditions or approaching death. This procedure 
brought about an improvement in the smoothness of the curve. 
These animals, similar in weaning weight to the rats of curve 
2, outgrow, under the influence of the pituitary substance, not 
only the animals of curve 2 but also the much larger ones of 
curve 3. In the log-reciprocal plot, after a short latent period, 
they also follow a straight line. The uninjected controls fol- 
low a course essentially a straight line prolongation of the 
latent period (fig. 2). 

It is apparent therefore that neither size nor growth rate 
appears to affect that growth property of rats which causes 
them to increase their weight according to the scheme ex- 
pressed by our empirical formula, as long as they are on 
diets such as the present-day good stock diets free from known 
growth inhibiting deficiencies. 

Individual growth curves. This remarkable adherence to a 
simple formulation by so many different colonies, with appar- 
ently all differences in growth among albinos of the same sex 
controlled by a single variable (A), raises a question as to 
the growth curves of individual rats. The data given so far 
are all based upon means of large numbers. What is the course 
of the individual curves? Is the constancy of k due to the 
averaging of large numbers of different k’s with essentially 
the same distribution in each colony, or is this a feature of 


the individual curves also? 
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It has been found that many individual curves show excel- 
lent adherence to a log-reciprocal line of slope 2.84. The error 
on points which make up an individual rat’s growth curve is 
small enough so that it can be fairly said that most of the 
animals adhere satisfactorily to the formula with this par- 
ticular slope. Since size (as represented by A) varies over a 
certain range, this results in a series of parallel lines on log- 
reciprocal paper. When k, the slope, and log A, the intercept, 
are calculated by least squares for individual rats, a certain 
range of k, as well as of A, is observed. These deviations from 
the mean slope present a real problem, for some deviations in 
the calculated slopes would be expected (experimental error) 
even if the true slopes were all identical. The limitations of 
the least squares method and the difficulty of error calcula- 
tions on such data become very apparent. We are not able to 
say that in the case of individual albino rats we have been 
able to establish the existence of several different k values; 
the balance of evidence goes to show that the apparent differ- 
ences are due to error in the original data, and that albino rats 
of our colony adhere to a single slope with moderate error. 
An actual range of size (i.e., A value) beyond the experi- 
mental error seems to be established. This view on albino rat 
growth is strengthened by the fact that a strain bred from 
hybrids (Long-Evans strain) shows in our hands an easy 
division into individuals of small initial size with large slope, 
and large initial size with small slope. This is at least in part 
verified by the study of various data on Long-Evans rats from 
several other laboratories; the k’s for various colonies are all 
different, and even our own Long-Evans colony k is not quite 
the same from year to year.” It is plausible enough from a 

*It is interesting to note that the identity of the ratio of male to female k from 
colony to colony holds for Long-Evans rats as well as albinos. This constancy is 
hardly accidental, and can probably be taken as corroboration of the thought that 
the formula gives a useful picture of the course of growth in the rat. It also 
means that in individual Long-Evans colonies the male k changes pari-passu with 
the female k. There are enough data on the distribution of coat color patterns in 
the various experimental records on Long-Evans rats so that on mere inspection it 


seems evident that one whole colony (males and females) may differ character- 
istically in its genetic composition from another. 
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genetic point of view that the hybridization of two very dif- 
ferent strains (as in Long-Evans rats) should leave the hap- 
hazardly bred colony with at least some representatives of 
two initially different growth slopes. It is admitted that this 
may possibly also occur in the albino rats, but if so the dif- 
ferences must be small, since it has not been possible so far 
to establish proof for such a condition. 

During the time these data have been collected we have 
found a few individual rats which obviously do not follow 
our growth curve. In some of these food consumption had 
been recorded and it was found that subnormal growth was 
accompanied by subnormal food intake. Sooner or later un- 
mistakable signs of pathological state (usually respiratory 
infection) became evident. On several occasions an unusually 
high infant mortality has developed in the colony, passing off 
again without a definite cause being ascertained. At such 
times the surviving rats have shown individual deviations 
from the growth curve larger than usual during the early part 
of the curve with good adherence later on. Just recently we 
have for the first time (in over 3 years) had an isolated group 
of ten rats show an unprecedentedly high growth slope from 
4 to 8 weeks. This might be due to undernutrition before or 
during the weaning time with a modified realimentation. We 
have, however, no concrete explanation to offer. All these 
exceptions taken together have not enough weight to lessen 
materially our belief that normal rat growth follows the 
scheme here outlined, but have rather stimulated our interest 
in detecting and eliminating abnormalities. 

Spontaneous realimentation. We have cited a number of 
instances where informed efforts to eliminate deficiencies have 
led to post-weaning growth curves which satisfy the condi- 
tions of the proposed formula even though the intrinsic size 
of the animal varies. Deviation from the formula with experi- 
mentally varied deficiencies will be dealt with in future re- 
ports. However, there are in the literature numerous examples 
(Donaldson and others) where growth according to the for- 
mula has not been achieved and it seems likely that the reason 
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for this deviation is to be found in the existence of dietary 
deficiencies. The Donaldson curve has already been presented 
in figure 1 and figure 2. These data were obtained at a time 
when little was known concerning nutritional requirements. 
They illustrate a common type (though not the only one) of 
deviation from formula growth. On linear paper the curve is 
sigmoid, i.e., a slow initial rate of growth is followed by a 
larger rate after which again the rate decreases. The same 
features are illustrated in many of the early Mendel rats and 
the Greenman and Duhring data (Donaldson, ’24). The diets 
employed allowed the animals to grow and propagate, and 
so were satisfactory as stock diets. They were, however, 
distinctly inferior to the type of diet most investigators now 
choose, in line with the thought expressed by Freudenberger 
(°33) that ‘‘. . . it is well known that the rat thrives much 
better on our more modern diets.’’ The particular peculiarity 
of these curves is that the rate of growth increases temporarily 
after weaning, while on the newer (better) diets the rate falls 
off continuously from 4 weeks on. Judging by growth rate the 
Donaldson animals are in a better nutritional condition after 
about the tenth week than from the third to the seventh week. 
This improvement with no change in diet resembles the finding 
of high growth rates shown by Osborne and Mendel (716), 
Clark and Smith (’38), Jackson (’36, ’37) and others to be 
characteristic of the realimentation or recovery curve obtained 
when rats are changed from a poorer to a better diet. Simi- 
larly in the log-reciprocal plotting (fig. 2) the final k value of 
Donaldson is ‘‘normal’’ but straight lines fitted to intermedi- 
ate portions of the curve would indicate unusually high k 
values (recovery), while the initial portion of the curve has a 
very low slope. The ‘‘normal’’ final k value together with the 
intermediate high linear rate or high k values as against the 
low initial rate or k indicates that actually the diet at later 
ages satisfies the growth requirement better than at an early 
age. This is not inconsistent with the many findings to the 
effect that signs of deficiency are more easily produced at 
early ages or that requirements in the young are particularly 
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critical. We give this explanation for the sigmoid feature of 
deficient growth very tentatively. We give it at all only be- 
cause it appears that the subject matter is of considerable 
interest. We have in mind particularly the many references 
to ‘‘preadolescent growth spurt’’ ete., as a normal or unavoid- 
able phenomenon in growth. 

With moderate or mild deficiencies a post-weaning curve 
may result which in linear plotting is only doubtfully sigmoid 
or not at all so and still does not fit the proposed formula. Diet 
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Fig. 4 See text. 


B (no. 13) of Sherman is considered a normal diet and is used 
for studying the effect of supplements. Figure 4, curve 1, 
shows the growth on Sherman’s diet B (’24, ’25, ’26, ’31) 
compared with that on our stock diet (curve 2) and that of 
Smith and Bing (’28), already mentioned in table 2. These 
animals are all females of the same original strain; our colony 
is an offshoot of Sherman’s, and his in turn an offshoot of the 
Osborne-Mendel colony, which is represented by the rats of 
Smith and Bing. Smith and Bing’s rats were selectively bred 
for size; Sherman’s and ours were not, as is demonstrated by 
the identical final size. The difference between diet B and that 
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of Smith and Bing is that the latter has a lettuce supplement, 
substitutes calcium carbonate for some of the sodium chloride, 
and gives nursing mothers a supplement of yeast. A com- 
parison of the latter two curves shows clearly that growth 
according to our equation can be achieved by judiciously sup- 
plementing a deficient diet. Rats raised for generations upon 
Sherman’s diet B and on our stock diet apparently show no 
significant differences in weight very early in life and as adults. 
The deficit during the period from 4 to 13 weeks is entirely in 
line with what has been said above concerning the apparent 
spontaneous realimentation on quite inadequate diets. 
Pre-weaning growth. We have emphasized that the pro- 
posed formulation applies from the 4 weeks weaning time 
onward as far as suitable data are available. This is the phase 
of growth, auxano-differentiation of Huxley (Huxley, ’32, p. 
148) in which the weight of the animal increases essentially 
on the basis of completed development of its parts. The earlier 
phase (conception to weaning) involves largely the differen- 
tiation of the various organs and organ systems (Huxley’s 
histo-differentiation). The approximate location of the tran- 
sition from histo- to auxano-differentiation in the rat at 3 to 
4 weeks rests on a variety of evidence (Freudenberger, ’32: 
definite change in proportion of measurements ceases at about 
3 weeks ; Donaldson, ’24: fully functional state of sense organs 
sets in at this time; Jackson, ’32: extended discussion; Cole, 
37: successful hormonal stimulation of sex organs in female 
is possible any time after 3 weeks but not before). We would 
therefore, both a priori and on the basis of Huxley’s discus- 
sion, not expect a given simple expression to fit both phases 
of growth. The log reciprocal formula includes a point of 
inflection at about 3 weeks, and the curve turns in the right 
direction. In harmony with what has been said concerning 
histo- and auxano-differentiation it does not, however, give 
even an approximation to the data from birth to 3 weeks, as 
can be seen graphically in figure 4. All this has no bearing on 
the practical objectives as outlined in this report, but involves 
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a number of interesting problems along the lines laid down 
by Huxley. 

In our experience the weight at 3 weeks often falls on the 
log reciprocal graph but at other times even the 4-week weight 
gives not as good a fit as later on. In many respects it is unfor- 
tunate that animals are usually selected for assignment to 
experimental groups at an age associated with the marked 
transition character described above as well as with the dietary 
changes consequent to weaning. 

Significance of the proposed formulation. In this discussion 
we are not interested in the question raised by Osborne and 
Mendel (’26) years ago whether maximal growth is most ad- 
vantageous to the animals, ete., nor are we attempting to define 
‘‘normal’’ growth. The basic thought we are developing in 
this and several succeeding reports is that on diets adequate 
for best growth, i.e., diets in which no experimental restriction 
is placed on the natural optimal growth inherent in the species, 
we find that relations of weight to time, weight to food intake 
and to relative weights of parts of the body, etc., are simpler 
in form than on deficient diets where natural growth is in- 
hibited. If effects of deficiencies are to be elucidated an un- 
hampered norm should first be worked out. We merely point 
out that removal of all known deficiencies which arbitrarily 
hamper growth would be expected to lead to simpler conditions 
as far as growth is concerned, and does in fact produce a 
simpler scheme of weight increase. 

While we are not attempting any rationalization of the 
growth formula here proposed, it may not be out of place to 
call attention to the fact that it is in line with two well-known 
concepts regarding growth which recur constantly in the liter- 
ature on the general biology of growth. These are very suc- 
cinctly formulated by Huxley (’32, p. 6). ‘‘One essential fact 
about growth is that it is a process of self-multiplication of 
living substance, i.e., that the rate of growth of an organism 
growing equally in all its parts is at any moment proportional 
to the size of the organism. The second fundamental fact about 
¢rowth is that the rate of self-multiplication slows down with 
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increasing age (size).’’ The first of these concepts is ex- 
pressed in our formulation by logarithmic plotting of the 
weight, the second by the reciprocal time axis. 


SUMMARY 


1. The growth of rats on present-day good stock diets is 
characterized by a progressive decrease in gain for each 
successive time interval after weaning. 

2. Such data can be conveniently plotted as a straight line 
if the logarithm of the weight and the reciprocal of time are 
used as coordinates. The formula is: 

log W = =* + log A. 
These findings are corroborated by numerous data of other 
investigators. 

3. Neither natural variation in size of the animal nor arti- 
ficial stimulation of growth rate causes a deviation from the 
empirical formula of growth. While inherent size of rats 
varies considerably, the slope of the plot (k of the formula) 
varies but little for each sex in albino rats. In all cases where 
data for males and females are available, the ratio of k for 
males and k for females is constant within 3%. 

4. Deviations on diets suboptimal for growth are discussed. 
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The finding that experimental rickets can be produced in 
rats came not by systematic design of diets for this purpose, 
but through the examination of bones of animals which had 
been kept on diets developed for other much more general 
purposes. Of the two pioneer diets no. 84 of Sherman and 
Pappenheimer (’21) was simple in its makeup but had marked 
multiple deficiencies resulting in very little growth and was 
uncertain in its action, while no. 3143 of McCollum et al. (’21) 
gave more reproducible results and fair growth but was quite 
complicated. A simplifying step was made when Steenbock 
and Black (’25) published their diet no. 2965 which was easy 
to compound, satisfactory as to reliability and also gave better 
¢erowth than no. 84. For purpose of bringing about rickets for 
ordinary curative experiments it has stood the test of time and 
is justifiably more generally used than any of the other avail- 
able diets. For certain purposes, however, qualities not shared 
by any of the diets mentioned are desirable. This is attested to 
by Jones (38), by Schneider and Steenbock (’39), and by 
others. 

A number of diets deficient only in phosphate have been 
devised, most of them containing less phosphorus and produc- 
ing a more marked rickets than the traditional rachitogenic 
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diets. The present report deals with a diet deficient only in 
phosphate (no. 803), which, however, produces rickets to about 
the same extent as no. 2965. This allows a direct comparison 
of the two diets, the intensity of the rickets production and the 
calcium content being the same. The similarity in rickets pro- 
ducing quality is probably the resultant of a higher available 
phosphorus content in no. 803 accompanied by better growth. 
In the ration no. R14 of Schneider and Steenbock (’39), which 
with phosphate supplements produces excellent growth, the 
phosphorus is very low and calcium also proportionately 
lower. The interesting and rather unexpected results recorded 
by these authors show that comparison with no. 2965 is quite 
a bit more complicated. 


EXPERIMENTAL 

Rats from our albino colony were weaned at 4 weeks of age 
and placed upon various rations: no. 2965, our diet no. 803 and 
our stock diet (see preceding paper, Zucker et al., 41, for com- 
position); no. 2965 and no. 803 supplemented with 2.0% 
KH.PO, (an amount shown to give optimal results) ; all three 
diets supplemented with adequate vitamin D; no. 803 supple- 
mented with both phosphate and D. 

The composition of diet no. 803 is, in per cent: starch, 65; 
cottonseed flour, 20; casein, 6; egg albumen, 3; NaCl, 1; cotton- 
seed oil containing carotene, 2; CaCO., 3. The diet contains 
0.28% of phosphorus, of which 52% is in the form of phytin. 
The phosphorus content is about the same as average values 
for no. 2965, but the phytin fraction is lower than is found in 
analyses of most samples of no. 2965 according to Harris and 
Bunker (35). The carotene being mixed into the diet was put 
at a probably unnecessarily high level equivalent to 750 units 
of A per 100 gm. of diet. The cottonseed flour contains 40% 
of a relatively good quality of protein and also satisfies the 


B complex requirements. 

On account of seasonal, or recurrent aperiodic variations, 
it is always desirable to conduct all experiments to be com- 
pared with each other at the same time. This was obviously 
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not possible in this extended series. In general, however, it 
can be said that since a large part of the data covers a planned 
distribution and no marked seasonal variations happened to 
enter, the results are sufficiently comparable. In two cases 
where seasonal variation had to be carefully excluded special 
seasonal comparisons were made (see table 2 and fig. 3). 
TABLE 1 
Body weight from fourth to seventh week and per cent bone ash at 7 weeks of age. 


WEIGHTS PER CENT 








DIET SEX N BONE AsH | GROUP 
Age 4 wks. |5 wks. | 6 wks. 7 wks AT 7 WKS. xO 
gym. gm. gm gm 

Stock F 112 45.44+3.8 | 60.3 75.0 86.9+12.7 | 58.0+1.4 2 
M 112 | 49.1+5.7 66.6 84.9 101.1£17.8 | 57.641.5 

Stock + D F 51 45.4+4.0 61.2 78.1 90.8+15.0 | 57.9%1.2 1 
M 49 50.62+5.9 68.6 89.0 104.3+20.7  57.341.6 

803 F 241 45.44+6.2 52.5 62.3 71.0+10.2 | 39.34%3.7 5 
M 253 | 47.8+6.3 56.8 | 65.1 76.8+11.9 37.0+3.6 

803 + D F 43 43.8441 49.6 584 68.6+ 7.8 51.6414) 6 
M 49 | 46.2+5.7 | 52.2 | 62.9 72.7+12.8 | 50.2+1.8 

803 + P F 39 43.6+2.6 58.8 72.6 83.5 9.3 | 58.0+1.0 4 
M 49 46.9448 65.0 81.0 97.4414.7 56.941.3 
803 + P F 25 43.4+3.1 59.7 73.6 85.6+ 9.6 59.321.0 
+D M 95 47.2448 65.9 80.8 94.5415.8 58.52%1.1 

2965 F 40 43.32+3.3 49.2 55.5 60.8+ 8.8 37.4+3.9 8 
M 56 44.6+5.5 50.3 56.8 63.4+ 9.7 36.1+4.6 

2965 + D F 26  43.4%2.8 | 48.2 54.5 60.4+> 5.0 49.8+1.6 9 
M 40 46.0+4.6 514 58.8 64.7+ 8.5 49.1+1.8 

2965 + P F 13 43.6+2.2 50.8 57.6 65.6% 9.6 55.74+1.6 7 
M 7 48.0+3.6 55.6 61.7 67.3210.6 | 53.4+2.3 

The + value given after the mean is the standard deviation, ¢ \ =a Group 


numbers are the identifying numbers used in figures 1 and 2. N number of 


animals. 


Weekly weighings were made over the 3 week experimental 
period. At 7 weeks the rats were autopsied. Two criteria of 
the extent of rickets were used: the percentage of ash in the 
dry fat-free femur, and the width of the uncalcified cartilage 
(rachitic metaphysis) of the tibia. The latter has been less 
extensively employed but if properly measured is of equal sig- 
"38; 


nificance (Steenbock et al., ’25; Dodds and Cameron, 
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Russell et al., °39). The cartilage width measurements were 
made on enlarged photographs (x 3.3) of split silver-stained 
tibias, and as reported here are 3.3 times natural width. Fur- 
ther details of the technique, as well as a detailed comparison 
with ash percentages at various levels of rickets production 
will have to be reserved for another report. The mean values 
are presented in tables 1 and 2. 
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FIG 1 

Fig. 1—left hand section Growth of females on the nine rations, plotted as 
weight against time. 1—stock + D; 2—stock; 3—no. 803 + P + D; no. 803 
+ P; 5—no. 803; 6—no. 803 + D; 7—no. 2965 + P; 8—no. 2965; 9—no. 2965 
+ D. 

Fig. 1—right-hand section The data of left-hand section replotted as the loga 
rithm of the weight against the reciprocal of time. Each mean weight is represented 
by a eirele of radius 1 gm. In order to avoid crowding the curves have been sepa- 
rated into three groups, each one plotted on a different weight scale (i.e., different 


origin ). 
DISCUSSION 

Growth. Figure 1 shows the growth of the females on the 

various rations. The left-hand section of figure 1 shows the 

data as plotted on ordinary coordinate paper while the right- 

hand part of the figure makes use of the log-reciprocal plotting 
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as described in the preceding paper. It can readily be seen 
that the addition of vitamin D in amounts sufficient to prevent 
rickets on either rachitogenic diet does not significantly alter 
the growth during 3 weeks ! (compare 5 with 6, and 8 with 9, 
in fig. 1). The phosphate supplement added to no. 2965 (group 
7) enhances the growth somewhat and of course prevents 
rickets. The diet thus supplemented to make it non-rachito- 
genic, however, does not result in growth as good as that 
obtained with rickets producing diet no. 803 (group 5). With 
no. 803 a suitable phosphate supplement (group 4) carries the 
growth into the range of that recorded for the two stock diet 
experiments (with D: group 1; without D: group 2). 

For a further analysis of these results it is necessary to 
turn to the log-reciprocal graphs (fig. 1, right-hand section). 
The growth of rats on diets with no known deficiencies shows 
a straight line of constant slope when the logarithm of the 
body weight is plotted against the reciprocal of time (Zucker 
et al., ’41). All deficiencies tried so far result in deviations 
from this line, which deviations will vary according to the type 
and degree of the deficiency. The growths on no. 2965 (group 
8), no. 2965 plus D (group 9), no. 2965 plus phosphate 
(group 7), no. 803 (group 5), and no. 803 plus D (group 6) 
are obviously characteristically deficient. Diets no. 803 plus 
phosphate (group 4), no. 803 plus phosphate plus D (group 3), 
and the stock diet (groups 2, 1) each plot quite acceptable 
straight lines with slopes differing to an insignificant extent 
from our colony norm. It will be noted that this formulation 
allows one to compare quality of growth in groups of different 
inherent size. Under these conditions neither body weight 
achieved nor gain in weight is a suitable measure. 

It can be reasonably concluded that diet no. 803 is deficient 
only in phosphate, since the addition of adequate phosphate 


1A well-known fact for diets of the low phosphorus rickets producing type. 
This must be carefully distinguished from the marked effect on growth of the 
addition of vitamin D to diets in which there is a relative caleium deficiency. See 
Zucker, Hall and Young (’38), and Krieger, Bunkfeldt and Steenbock (740). 
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(group 4) results in normal growth? with rather exacting 
criteria applied to the term ‘‘normal’’. A further vitamin D 
supplement (group 3) produces no change in growth just as 
is the case when it is added to the stock diet. 

The intensity of rickets produced on diet no. 803 as com- 
pared with diet no. 2965. Table 2 presents data on bone ash 
per cent and cartilage width measurements obtained from 
comparable experiments on the two diets. In order to avoid 
the possible criticism that seasonal variation might play a role 
we have selected from table 1 rats from experiments which 


TABLE 2 
Comparison of rickets production on two rachitogenic diets. 
NET NO. OF ANIMALS CARTILAGE WIDTH BONE ASH % 
: e . “ 
Q 7 y dé b ro 
21 day results 
2965 21 26 5.75+0.18 5.42+0.29 39.06+0.92 37.8621.11 


803 32 36 5.70+0.14 6.262+0.17 38.61+0.75 36.1320.70 


31 day results 


2965 17 20 6.73+0.15 6.952+0.13 35.26241.03 35.07+0.70 
803 16 17 6.63+0.31 6.70+0.32 36.11+1.63 33.512+0.94 
The + figure after the mean value is the standard error ¢,, = << 

VN 


were conducted at the same time. These animals as indicated 
above were on the diet for 21 days, and are given in the first 
section of table 2. The second section deals with similarly 
treated rats, but the length of the experimental period was 
31 days. The difference between the effects of the two diets 
cannot be considered significant. We have then two diets of 
the same rickets producing quality as expressed by two sepa- 
rate criteria. There is, however, a difference of some impor- 
tance; the rickets on no. 803 is uncomplicated rickets since the 

* While the 3 weeks following weaning cover the most critical period (see Zucker 
et al., ’41), this short time interval hardly constitutes rigorous evidence. Unpub- 


lished results have however established that the data obtained with various suitable 


levels of calcium and phosphorus as supplements to the basal portion of diet no. 803 


adhere to the formula for 11 weeks. Incidentally it may be noted that the body 
weights given by Schneider and Steenbock (’39) on diet no. R14 supplemented 
with phosphate also give a very acceptable straight line in log-reciprocal plotting. 
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addition of the single deficient factor (phosphate) produces 
normal animals both in respect to bone ash per cent and 
growth. In the case of diet no. 2965 there are other compli- 
cating deficiencies besides that of phosphate. 

The effects of phosphate and of vitamin D when added to 
the rickets producing diets. As mentioned above the supple- 
ments of phosphate and of vitamin D produced maximal effects 
as far as rickets prevention is concerned. Larger doses of 
phosphate tended to the production of low calcium rickets. 
Further increase in D produced no greater an effect on bone 
ash or bone picture than that described for the 2 units per day. 
In each case the cartilage width of the tibias was about 1 mm., 
which is the value found in stock diet animals of the same age 
(7 weeks). The 1 mm. in the enlarged photograph is 3.3 times 
the actual width, and therefore in excellent agreement with the 
350 p actual width recorded by Dodds and Cameron (738). 
Microscopie sections also revealed nothing to distinguish such 
bones from the normal. It is therefore apparent that the sup- 
plements here given either to rats on no. 2965 or on no. 803 
vielded a bone which was anatomically normal. 

In sharp contrast with this uniformity of effect is the widely 
varying percentage of bone ash (group means 49% to 59%), 
as well as the considerable range of body weight (group means 
60 gm. to 85 gm.). 

It is known (see, e.g., Dutcher et al., ’25) that the ash per 
cent in bone increases steadily with age (weight). This is also 
apparent from the data of Sherman et al. (’25, ’31) on per cent 
of calcium in the body of the rat. Certain generalizations have 
been made with regard to the relation of parts or components 
of the body to the body as a whole during the course of growth. 
Thus Needham (’34) has shown that, using the data of Sher- 
man, the logarithm of the calcium content plots a straight line 
against the logarithm of the body weight. In view of Need- 
ham’s reasoning, as well as many other recorded facts, it is 
advisable to consider body weight in any discussion of the 
meaning of percentage of ash in the bone. 
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In figure 2 we have plotted as small points the logarithm of 
the per cent of bone ash against the logarithm of the body 
weight of 346 stock diet females varying in body weight from 
30 to 150 gm. This gives a picture of the change in bone ash 
per cent on body weight as well as of the variability encoun- 
tered in our colony. The heavy-filled circles are the data given 
in table 1 for females. The lengths of the dotted lines through 
the points represent the standard deviations on both axes 
(¢ = \/*). The identifying numbers for the points are the 
same as those used for the curves in figure 1 (in order of 
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Fig.2 Log—log plot of bone ash per cent against body weight for females. The 
small dots represent individual normal stock females, 346 in all, with an age range 
of 24 to 77 days. It is apparent that this kind of plotting results in a straight line. 
The large solid circles are the means of table 1 for the females, numbered as before: 
1—stock + D; 2—stock; 3—no. 803 + P + D; 4—no. 803 + P; 5—no. 803; 
6—no. 803 + D; 7—no. 2965 + P; 8—no. 2965; 9—no. 2965 + D. The lines 
running through these points represent the standard deviations of the bone ash 
per cent and the weight. Supplementing either rachitie diet with phosphate results 
in normal bone ash for the weight achieved; supplementing with D results in 
bone ashes significantly low even for the weight achieved. 


descending final weight). The two stock diet groups (1, 2) 
as well as the phosphate supplemented groups on no. 803 (3, 4), 
fall within the range of the small points at body weights normal 
for rats of the age given (see fig. 1-B). The points for the 
two unsupplemented rachitogenic diets (5 = no. 803; 8 = no. 
2965) fall far below the normal range even for their low body 
weights. The phosphate supplemented diet no. 2965 (group 7) 
produces a bone ash percentage not normal for its age, but 
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precisely normal for the body weight attained. The two re- 
maining points (6 = no. 803 + D; 9 = no. 2965 + D) are the 
ones of particular interest. The question is: does a vitamin D 
supplement produce bone ash normal either for age or for 
body weight? The answer is apparently negative, since they 
fall with the small standard deviation indicated outside the 
range of ash for normal stock diet animals. Here again the 
matter of seasonal effects arises. In figure 3 we show those 
individual values represented in the mean value of point 6 
(no. 803 + D) in figure 2 which could be seasonally balanced 
with stock diet animals, together with the corresponding males. 
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Fig.3 Log—log plot of bone ash per cent against body weight for males and 
females. Below the waved line are individual points from the group on no. 803 + D 
obtained over a short period of time; above the waved line are all the available 
data on 7-week-old normals on the stock diet covering the same time. 


These are all the data points below the waved line. For com- 
parison we have plotted data (male and female) obtained on 
stock diet animals of the same age, which covered the calendar 
time of the data on no. 803 + D. Since there is not even any 
overlapping of individual values, the conclusion seems war- 
ranted that diet no. 803 + 2 units of D daily does not result 
in normal bone ash percentages either for age or for body 
weight. The same conclusion applies to no. 2965 + D (point 9 
in fig. 2). On whatever basis the comparison is made it is 
apparent that under these conditions—i.e., the usual type of 
low phosphorus rickets production—optimal doses of vitamin 
D produce less effect than optimal phosphate supplements. 

It is usually stated that vitamin D prevents the rickets of 
rats on the low phosphorus type of rachitogenic diet. This 
apparently is not true unless one wants to define rickets on 
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exclusively morphological grounds. Indications of this were 
published as early as 1925 (Dutcher et al.). The observation 
that vitamin D cannot fully replace an absolute phosphate 
deficiency is hardly worth a lengthy discussion. The interest 
lies in the fact that some important differences between the 
usual type of experimental rickets in rats on the one hand, and 
the spontaneous rickets commonly found in chicks and infants 
on the other hand, are set out clearly by the conditions here 
described. In chicks bone ash per cent is brought to normal 
when under usual conditions vitamin D action prevents the 
anatomical signs of rickets. In infants calcium and phosphorus 
retention, and therefore presumably the composition of the 
bone, are normal under conditions of optimal vitamin D action, 
while without other changes in the diet, inadequate vitamin D 
results in rickets. It may, however, even with chicks and in- 
fants be quite fallacious to assume that calcium and phos- 
phorus deposition must under all conditions be paralleled by 
the morphological appearance of the bone, or specifically that 
normal morphology means normal bone composition. Under 
the usual conditions of observation infantile rickets and chick 
rickets can be considered a vitamin D deficiency in the pres- 
ence of adequate calcium and phosphorus, and the administra- 
tion of D removes all signs of rickets. Experimental rat 
rickets is essentially a phosphate deficiency. Only meager 
attention has been given to the little understood fact that under 
such conditions vitamin D administration leads to an appar- 
ently complete suppression of rachitic bone changes judged 
visually while in composition the same bone is still quite sub- 


9 


normal, i.e., ‘‘rachitic’’ in the sense of not having one of the 
chemical criteria of rickets brought into the range of normal. 
The other chief chemical criterion of rickets, the inorganic 
blood phosphate, behaves according to Dutcher et al. (’25) 
in quite the identical manner. 

A glance at the values for standard deviation of bone ash 
reveals a striking difference in variability of normal or near 
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normal values as against the rachitic ones (see also figs. 2 
and 4). This has been previously indicated (Zucker, ’36) and 
is in line with the findings of Massengale and Bills (’36) on 
chickens. The decrease in variability with very low bone ash 
values which Bills records does not appear in the rat data here 
given, possibly because they do not reach the low limiting ash 
percentage value which, as Bills very logically points out, 
might again decrease the variability. The statement which we 
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Fig.4 The standard deviations of the bone ash per cents plotted against the 
bone ash per cents. The male and female points for each diet are connected. It will 
be seen that with one exception the male point is to the left of the female point 


and above it, indicating greater variability and lower bone ash for the males. 


(Zucker, ’36) have previously made: ‘‘It is not surprising to 
find that the variation in the bone ash values increases the 
further they are removed from the normal’’ may have to be 
amended to take care of the effect of limiting bone ash per cent 
values. At any rate the data on chicks and on rats are in agree- 
ment with respect to the very much larger variability of bone 
ash per cent values in the rachitic as against the normal range. 
In quantitative work, as Bills points out, this fact must not 
be neglected. 
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SUMMARY 

1. A diet comparable in rickets producing quality to the 
current rachitogenic diets is shown to be adequate for normal 
growth when phosphate is added. 

2. Addition of vitamin D to this or to other low phosphorus 
rickets producing diets does not lead to normal growth. 

3. Addition of vitamin D to rickets producing diets (low 
phosphorus rickets) prevents the anatomical signs of rickets 
but does not produce bone ash per cent values equal to those 
of stock diet animals of the same age or of the same weight; 
phosphate addition is required to bring the composition to 
normal. 

4. It is pointed out that the visual signs of rickets do not 
necessarily correspond to bone composition, and the differ- 
ences between the experimental rickets of rats and the spon- 
taneous rickets in other species are discussed. 
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Variations in the growth response of rats receiving carotene 
or vitamin A in different solvents were observed in the early 
days of vitamin A research. Subsequent investigations indi- 
ated that many of the variations in biological response were 
attributable to differences in the stability of carotene or 
vitamin A in various natural fats and synthetic esters. 

More recently, however, variations in growth response have 
been reported to occur even though precautions were taken 
to insure a uniform intake of the active agent. Lathbury 
and Greenwood (’34) obtained different biological values for 
‘arotene when dissolved in arachis oil and coconut oil and in 
different samples of these solvents. Kraybill and Shrews- 
bury (’36) found that two to three times as much carotene 
was required to give equal growth when fed in decolorized 
butterfat as when fed in cottonseed oil. Basu (’37) testing 
several oils, obtained the best growth when carotene or vitamin 
A was fed in linseed oil and the poorest in arachis oil. De 
(’37) reported that carotene in foods such as amaranth was not 
as well utilized as carotene in red palm oil. 

*A preliminary report of this work was presented before the 34th meeting 
of the American Society of Biological Chemists at New Orleans, La. J. Biol. 
Chem., vol. 133, p. Ixxxix (1940). Published with the permission of the director 
of the Alabama Agricultural Experiment Station. 
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In spite of many reports of variations in growth response 
with various fats it is not possible to correlate the growth 
effect with any of their known physical or chemical properties. 
Moreover, there is no evidence of a direct physiological re- 
lationship between the metabolism of vitamin A and any other 
fat constituent. 

Although the composition of the basal diets employed by 
some investigators has not been published, it appears that 
a relatively low fat content is essential to demonstrate the 
greatest effect on the growth response to the various oils. 
However, the possibility of a growth response from the un- 
saturated fatty acids supplied by certain oils to vitamin A- 
free diets apparently has not been given due consideration. 
Burr et al. (’29, ’32) demonstrated the essential nature of 
unsaturated fatty acids and reported that rats receiving a 
low-fat diet ceased growing soon after the appearance of the 
early outward signs of an unhealthy condition (seventieth to 
ninetieth day of life). Hume, Nunn, Smedlev-MacLean and 
Smith (’38) found that the weight curve of rats receiving a 
low-fat diet began to exhibit a plateau after about 2 months. 
It was decided, therefore, to feed a low-fat diet and study the 
effect of various natural oils and unsaturated fatty acids 
upon the growth response of vitamin A-deficient rats to 
carotene. 


EXPERIMENTAL 


Preparation of supplements. Linseed oil, corn oil, wheat 
germ oil, soybean oil, butterfat, cottonseed oil, and coconut 
oil were used in feeding. The linseed oil,? corn oil,? wheat germ 
oil,* and soybean oil ® were decolorized at room temperature 
by passage twice through columns packed with fuller’s earth. 
The butterfat was decolorized in a similar manner, but was 


*H. H. Rosenthal Co., Ine., New York, N. Y. 

*Mazola brand, Corn Prod. Refining Co., Argo, Ill. 

*Prepared by ether extraction of ‘‘Embo,’’ General Mills, Inc., Minneapolis, 
Minn. 


Prepared by ether extraction of mature soybeans. 
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maintained at 50°C. during the process. The cottonseed oil ® 
and coconut oil? were nearly colorless and were not further 
purified. The methyl] linolate was prepared from corn oil and 
the methy] linolenate from linseed oil according to the methods 
of Rollett (09a, ’09b). The linoleic acid of corn oil was 
converted into the tetra-bromide and was purified by repeated 
recrystallizations from skellysolve (Skellysolve B, redistilled) 
until a beautifully crystalline material was obtained which 
melted sharply at 114.5° to 114.9°C. The linolenic acid of 
linseed oil was converted into the hexa-bromide and allowed 
to precipitate from glacial acetic acid. The hexa-bromide was 
recrystallized several times from benzene. The final product 
melted sharply at 179.3° to 179.5°C. Since it is well-known 
that the free unsaturated fatty acids deteriorate fairly rapidly, 
the major portion of these acids was stored as tetra- or hexa- 
bromides. Portions of the bromides were de-brominated every 
2 or 3 weeks and esterified for feeding. Representative samples 
of methyl linolate and methyl linolenate prepared according 
to this procedure had iodine numbers (Wijs) of 161.0—-162.3 
and 241.2-242.0, respectively. Skellysolve solutions of methyl] 
linolate and methyl linolenate containing 26.2 gm. of the 
esters/100 ml. were used in feeding. The usual daily dose 
of 0.2 ml. of these solutions supplied 0.05 gm. of the free acids. 
Solutions of carotene * in skellysolve containing 15-20 pg./ml. 
were used in feeding. It has been previously noted (Koehn and 
Sherman, ’40) that solutions of carotene of this concentration 
are relatively stable; but to insure a constant intake, the exact 
concentration of carotene in the solutions was determined 
at bi-weekly intervals by spectrophotometric readings. This 
method of feeding carotene has an advantage over the usual 
method of feeding it in various oil solutions in that possible 
errors resulting from the rapid destruction of carotene in 
certain oils are completely eliminated. All supplements were 
stored in glass-stoppered bottles in the dark at 3°C. 
* Wesson oil. 
* Pu-re-co brand, Capital City Products Co., Columbus, Ohio. 


*S.M.A. beta carotene. 
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Feeding technique. Prior to being placed upon the experi- 
mental supplement the rats (Wisconsin strain) were treated 
in a manner similar to the method used in this laboratory for 
vitamin A assay (Sherman, ’40). When the young rats (usu- 
ally eight to the litter) reached a weight of 40 to 50 gm. (23 
to 26 days) they were transferred to individual cages and fed 
the vitamin A—test diet 31—A °® and distilled water ad libitum. 
No oil supplements were fed during the depletion period. 
The weekly weights of the rats were recorded during the 
first 4 weeks of the depletion period, after which the animals 
were weighed daily until growth had ceased and ophthalmia 
had developed (usually by the end of the fifth week of deple- 
tion). Weekly weights and observations of the gross appear- 
anee of the animals were recorded during the remainder of 
the experiments. In feeding the supplements, aliquots of the 
skellysolve solutions were pipetted each morning on about 
2 gm. quantities of the basal diet contained in separate feed 
jars. When the skellysolve had evaporated, the contents of 
the jars were mixed by spatula after which the aliquot of oil 
(if fed) was added. The jars containing the supplements were 
immediately placed in the individual cages and the contents 
were usually consumed within 15 minutes. The animals re- 
ceiving the various supplements were distributed with respect 
to sex and litters. 

Effect of oils upon the growth response to carotene. The 
freedom of the oils from vitamin A activity is shown by the 
results obtained when they were fed without added carotene 
(table 1). The rats receiving 0.5 ml. of the oils daily continued 
to lose weight and within 5 weeks all died, exhibiting severe 
ophthalmia. 

The growth of the rats receiving coconut oil and butterfat 
(0.1 ml. daily) with carotene at levels of 1 and 2 pg. daily was 
only slightly superior to that of control animals receiving 
earotene alone. Wheat germ oil, corn oil, linseed oil, and 

* Diet 31-A was composed of aleohol-extracted casein 18, salt mixture no. 186 


(J. Biol. Chem., vol. 89, p. 199, 1930) 4, Northwestern yeast, irradiated 6, and 


sucrose 72%. 
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cottonseed oil definitely increased the growth. A still greater 
increase in growth was obtained with soybean oil at both 
levels of carotene intake. 

Effect of unsaturated fatty acids upon the growth response 
to carotene. The most obvious difference between the oils 
which promoted growth and those which did not is the content 


TABLE 1 


Effect of oils upon the growth response of vitamin A-deficient rats to beta carotene 


AVERAGE GAIN IN WEIGHT 


DAILY SUPPLEMENT a aan RANGE 
NUMBER MOR- AT END 
Carotene oil? eee —e a. § = L.1 ‘4 EEK 
ug a7 gm. gm. gm. gm. qm 
0.5 ml. coconut oil 2 100 —7 
0.5 ml. wheat germ 
oil 2 100 —2 17 
0.5 ml. cottonseed oil 4 100 —2 23 
0.5 ml. linseed oil 4 100 0 | —13 als 
ws 0.5 ml. soybean oil 3 100 2 21 ne 
eS” 2..." paved ieee 14 7 2 7 7 10 «=-12- 23 
1 0.1 ml. coconut oil 4 5 2 5 10 13 3-— 25 
] 0.1 ml. butterfat 4 0 4 17 23 25 19-— 30 
] 0.1 ml. linseed oil 9 0 10 29 38 45 25-— 80 
1 0.1 ml. cottonseed oil 4 0 8 31 43 46 20-— 76 
1 0.1 ml. soybean oil 4 0 10 36 55 69 42— 92 
1. “gathaeas 16 6 6 19 25 29 15— 49 
2 0.1 ml. coconut oil 6 16 4 15 24 30) 13- 41 
2 0.1 ml. butterfat 4 25 3 12 25 37 32- 42 
2 0.1 ml. wheat germ 
oil 4 0 10 37 52 62 48- 82 
2 0.1 ml. corn oil 3 0 10 34 54 64 55- 73 
2 0.1 ml. linseed oil 4 0 8 32 57 70 62-— 80 
2 0.1 ml. cottonseed oil 6 0 10 40 59 71 49— 85 
2 0.1 ml. soybean oil 12 0 13 42 68 91 73-128 


* All oils except coconut and cottonseed oils were decolorized with fuller’s earth. 


of essential unsaturated fatty acids. The growth-promoting 
oils are all known to contain large amounts of linoleic acid; 
two of them, soybean and linseed oils, contain linolenic acid 
as well. Butterfat and coconut fat are low in these essential 
fatty acids. Moreover, the rats which received carotene alone 
and those which received carotene plus coconut oil or butter- 
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fat developed a dry scaliness of the skin typical of a deficiency 
of unsaturated fatty acids. There was definite improvement of 
the ophthalmic condition of the rats, but a slight swelling 
of the eyelids usually persisted throughout the entire dura- 
tion of the experiment with both levels of carotene administra- 
tion. The skin of the animals receiving the growth-promoting 
oils was normal in appearance and the ophthalmia was com- 
pletely cured in nearly all of the rats. 

It was decided, therefore, to feed methy! linolate and methyl 
linolenate to determine if these esters of unsaturated fatty 
acids would have growth-stimulating properties similar to 
those of the oils. The results, in the form of growth curves 
are summarized in figure 1. The growth response obtained 
when methy!] linolate was fed with 2 pg. of carotene was not 
only inferior to that obtained when the oils were fed with 
carotene but was invariably inferior to that obtained with 
‘arotene alone. The rats gained weight slowly for 2 or 3 
weeks, then failed to gain, and finally lost weight throughout 
the remaining 2 or 3 weeks of the experiments. There was 
usually a slight improvement in the ophthalmia during the 
first 2 weeks, then a recurrence, and by the end of the experi- 
ments the rats usually exhibited severe ophthalmia. When 
fed methy! linolenate plus 2 pg. of carotene the animals lost 
weight, exhibited severe ophthalmia and died before the end 
of the experiments. Vitamin A, in the form of a skellysolve 
solution of U.S.P. reference cod liver oil, also was fed with 
methyl] linolate at a level to supply 3.3 U.S.P. XI units of 
vitamin A, equivalent to 2 ug. of carotene. The methyl linolate 
had essentially the same antagonistic effect with vitamin A as 
with carotene, although the animals reached a slightly higher 
weight before starting to decline. 

Because of the excellent growth obtained when carotene was 
supplemented with soybean oil, it was decided to feed soybean 
oil with methyl! linolate and carotene to determine if it could 
counteract the antagonistic action of the methyl linolate. The 
addition of 0.1 ml. of soybean oil to the regular daily carotene 
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and methyl linolate supplements completely prevented the 
antagonism (fig. 1, curve E). 

With the discovery that methy] linolate impaired the growth 
of rats on a low level of vitamin A intake, and that this harmful 
effect could be prevented by soybean oil, it was logical to 
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Fig.1 Average growth curves for rats on low levels of carotene plus un- 
saturated fatty acids. The numbers in parentheses indicate the number of rats 
used in obtaining the averages. Curve A, 2 ug. carotene, range at end of experi- 
ment 15-49; curve B, 3.3 U.S.P. XI units of vitamin A + 0.05 gm. methyl linolate, 
range 4-32; curve C, 2 ug. carotene + 0.05 gm. methyl linolate, range —10-18; 
eurve D, 2 ug. carotene + 0.05 gm. methyl linolenate, range —25-—19; curve E, 
2 wg. carotene + 0.05 gm. methyl linolate + 0.1 ml. soybean oil, range 53-104; 
eurve F, 2 wg. carotene + 0.05 gm. methyl linolate fed about 6 hours apart, 
range 40-82. 


determine whether impairment of growth was attributable to 
a chemical or physiological antagonism between the two sub- 
stances, or to possible toxicity of the methyl linolate with 
soybean oil merely acting to decrease such toxicity. That the 
effect was not caused by toxicity of the methyl linolate was 
shown by experiments in which the methyl] linolate and caro- 











160 W. C. SHERMAN 


tene were fed separately a few hours apart. In these experi- 
ments, it was the general practice to feed the 2 pg. of carotene 
early in the morning and the methyl! linolate about 6 hours 
later. From the curve given in figure 1, it is apparent that 
the antagonism is largely prevented by this method of feeding. 

Further evidence for an antagonism between carotene and 
methyl linolate was obtained by increasing the amount of 
carotene fed. The growth responses obtained when 5 and 10 ug. 
of carotene were fed with 0.05 gm. of methyl linolate are 
shown in figure 2. With 5 pg. of carotene, the methyl linolate 
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Fig.2 Average growth curves for rats on high levels of carotene plus methyl 


linolate. The numbers in parentheses indicate the number of rats used in 
obtaining the averages. Curve A, 10 ug. carotene + 0.05 gm. methyl linolate, 
range at end of experiment 58-104; curve B, 10 ug. carotene, range 19-55; 
curve C, 5 ug. carotene + 0.05 gm. methyl linolate, range 9-68; curve D, 5 ug. 
carotene, range 15-48. 


did not cause the rapid loss of weight which occurred with 
2 ug. of carotene; but there was no growth stimulation. There 
was sufficient antagonism to cause a recurrence of ophthalmia 
in a number of the rats by the seventh week. When 10 ug. of 
carotene was fed, the addition of 0.05 gm. of methyl] linolate 
gave a definite growth stimulation and there was no evidence 
of ophthalmia in the animals. 
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Effect of methyl linolate upon the stability of carotene. 
The above results suggested the possibility that the carotene 
was ,being destroyed by an oxidation-reduction reaction with 
the methyl linolate before being consumed by the rats. Evi- 
dence of such a reaction has been obtained by Monaghan and 
Schmitt (’32). To test this possibility, varying amounts of 
‘arotene and methyl! linolate were mixed with small amounts 
of the basal diet and exposed to the air in thin layers for 
periods of 1.5 to 24 hours at 25, 28 and 37°C. The carotene 
and methy] linolate were then thoroughly extracted with skelly- 
solve. The extract was saponified and analyzed for carotene 


TABLE 2 
Effect of methyl linolate upon carotene stability 


‘ a = a TIME TEMPERATURE CAROTENE RECOVERED 
ug. gm. hours °C. ug N 
25.8 conn 3 25 24.2 94.0 
25.8 0.20 3 25 24.8 96.2 
45.2 — 1.5 28 44.8 99.2 
45.2 0.10 1.5 28 45.2 100.0 
45.2 oo 24 25 30.2 67.0 
45.2 0.10 24 25 30.6 67.7 
21.8? eee 3 37 16.9 77.6 
21.8? 0.20 3 37 21.7 99.7 


*In the last experiment the carotene and methyl linolate were incubated with 
the stomach contents of normal rats. 


according to a previously described method (Sherman and 
Salmon, °39). To determine if gastric acidity were a factor, 
a test was carried out in which the carotene and methy! linolate 
were incubated with the gastric contents of normal rats. The 
results summarized in table 2 show that there was no evi- 
dence of direct destruction of the carotene by the methyl 
linolate; instead, in all instances the methyl linolate ap- 
parently exerted a slight protective influence. 

Carotene recovered after incubation with methyl linolate 
was further examined spectrophotometrically and was found 
to have the same absorption curve as the original carotene. 
Carotene incubated with methyl linolate was also tested bio- 
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logically to determine if there were any changes which could 
not be detected chemically. In this experiment, 636 ug. of 
carotene and 5.0 gm. of methyl linolate were incubated at 
25°C. for 3 hours. The recovered carotene (630 yg.) was 
then fed to vitamin A-depleted rats at a level of 2 ug. with 
0.1 ml. of soybean oil daily. The results given in table 3 show 
that there was no loss in the biological activity of the carotene 
by treatment with methy] linolate. 


TABLE 3 
Biological value of carotene as affected by exposure to methyl linolate 


_ AVERAGE GAIN IN WEIGHT AT END OF RANGE AT 
NUMBER END OF 


DAILY SUPPLEMENT 
OF BATS lst week 3rd week 5th week 7th week 7TH WEEK 


gm. qm. gm. qm. gm. 
2 ug. exposed carotene’ + 
0.1 ml. soybean oil 3 15 38 70 86 79-92 
2 wg. untreated carotene + 
0.1 ml. soybean oil 3 16 42 72 87 71-99 


*The carotene was allowed to remain in an open jar with methyl linolate for 


180 minutes at 25°C. 


Effect of oils and methyl linolate upon carotene absorption. 
Several investigators (Basu, ’37; Wilson et al., ’36) have 
attributed variations in the potency of carotene or vitamin A 
dissolved in various oils to differences in the intestinal absorp- 
tion of carotene or vitamin A. That mineral oil causes a lowered 
absorption of carotene is well known. Carotene analyses were 
therefore made on the feces of rats receiving carotene alone 
and carotene plus oils or methyl linolate to determine if the 
difference in the responses obtained could be explained by 
the effect of the oils upon the absorption of carotene. For 
these analyses, the fecal material of each rat was collected 
daily for 7 days and stored at 3°C. under methanol. The feces 
were then finely ground and analyzed for carotene (Sherman 
and Salmon, ’39). The results from these analyses are sum- 
marized in table 4. It is apparent that a relatively efficient 
absorption of carotene, fed at a level of 5 ug. daily, was ob- 
tained regardless of the nature of the oil supplements, al- 
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though there was slightly more efficient absorption with all 
of the oils than with the carotene alone. The results, however, 
do not explain the differences in the growth responses ob- 
tained with the various oils and methy] linolate. 


TABLE 4 


Effect of fats upon carotene absorption by rats 


Oe A pall a — el 
ug. ag. N 

5 ug. carotene 12 35 5.9 83.3 
5 ug. carotene + 0.1 ml. 

coconut fat 8 35 3.9 88.6 
5 ug. carotene + 0.1 ml. 

linseed oil 8 35 4.0 88.5 
5 wg. carotene + 0.1 ml. 

soybean oil 4 35 4.4 87.5 
5 ug. carotene + 0.05 gm. 

methyl linolate 5 35 4.6 87.0 


* Values for fecal carotene were corrected for the pigment excreted by control 
rats not receiving carotene (an average of 1.5 ug., calculated as carotene, in 
7 days). 


DISCUSSION 


The results of these experiments demonstrate that with a 
low-fat diet the response of vitamin A-deficient rats to carotene 
is influenced by the nature of the oil fed with the carotene. 
It appears probable that the disagreement between these 
findings and those of Lease, Lease, Steenbock and Baumann 
(739) can be attributed to differences in the fat content of the 
basal diets used. These workers obtained approximately equal 
growth responses when carotene was fed with cottonseed oil, 
soybean oil, lard, decolorized butterfat, coconut oil, or peanut 
oil at a 3% level to rats which had been depleted of vitamin A 
on a basal diet containing 10% fat. The growth-stimulating 
power of the oils seems to be partially dependent upon the 
content of essential unsaturated fatty acids. However, the 
feeding of methyl linolate and methyl linolenate with low 
levels of carotene or vitamin A has revealed the existence of 
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a very interesting antagonistic relationship. This antagonism 
is characterized by a retarded growth rate and an incomplete 
cure of ophthalmia. It appears that the unsaturated fatty 
acids interfere with some phase of the metabolism of carotene 
or vitamin A since the harmful effect of the methy! linolate 
is largely overcome by feeding the two materials a few hours 
apart, during which time the animals are apparently able to 
convert either the free linoleic acid or carotene into some less 
reactive form. That this antagonism does not appear when 
natural oils high in linoleic acid content are fed is possibly 
attributable to the presence of some other factor or factors 
in the oils which counteract this antagonism. 

On the basis of these findings, it would appear advisable for 
investigators who are employing unsaturated fatty acids in 
feeding to give the vitamin A supplement separately to insure 
its effective utilization. 


SUMMARY 


Various natural oils were fed to vitamin A-deficient rats 
receiving controlled levels of carotene. Of the oils tested, soy- 
bean oil gave the best growth. Cottonseed oil, linseed oil, corn 
oil, and wheat germ oil also had a beneficial effect upon the 
erowth. Butterfat and coconut oil had no appreciable effect. 

Tests with methyl linolate and methyl linolenate revealed 
an antagonistic action when fed with low leveis of carotene. 
When sufficient carotene was fed with the methyl] linolate, this 
antagonism was overcome and the methyl linolate gave a 
definite growth stimulation. This antagonism was counter- 
acted at the low level of carotene intake by the addition of 
soybean oil and also by feeding the carotene and methy! 
linolate a few hours apart. 

Carotene analyses of the feces of the rats showed that the 
differences in the growth response to various oils and methyl] 
linolate could not be explained on the basis of differences in 
the effect of the oils on the absorption of carotene. 
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THE VALUE OF UREA IN THE SYNTHESIS OF 
PROTEIN IN THE PAUNCH OF THE RUMINANT 





Division of Animal Nutrition, University of Illinois, Urbana 


In 1911, Armsby reviewed the literature on the subject of 
the synthesis of protein from non-protein compounds in the 
alimentary canal of animals, and concluded (1) that there 
was no evidence that the monogastric animal could utilize the 
non-protein compounds in this way, but (2) that with poly- 
gastric animals the synthesis by the micro-organisms of the 
paunch is demonstrable but quite limited in extent. 
literature was again reviewed by Mitchell and Hamilton in 
1929 to essentially the same effect. A third critical review 
of the literature on the subject was published by Krebs in 
1937. While admitting that the evidence indicated some pro- 
tein sparing effect of such compounds as urea and glycocoll, 
Krebs was reluctant to believe that any considerable protein 
synthesis resulted, or that, if it did result, the bacterial 
protein produced was of any appreciable value to the host. 

However, experiments published since the review of Krebs 
have supplied convincing evidence that urea and ammonium 
salts may, to a considerable extent, serve the functions of 
protein in the ruminant. The nitrogen balance experiments of 
Fingerling and his associates (’37) are clear-cut, while the 


*The data reported in this paper were taken from a thesis submitted by Lorin 
E. Harris to the Graduate School of the University of Illinois in partial fulfillment 
of the requirements for the degree of Doctor of Philosophy in Animal Husbandry, 
August, 1940. 
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growth experiments of Bartlett and Cotton (’38), and par- 
ticularly of Hart, Bohstedt, Deobald and Wegner (739) 
furnish good evidence that low-protein rations, inadequate 
for the growth of calves, are effectively supplemented by urea. 
And finally attention may be called to the excellent work of 
Studt (’39) who, using an experimental method analogous to 
that employed by McElroy and Goss (’39, ’40a, ’40b) in 
demonstrating vitamin synthesis in the paunch, showed that 
in sheep subsisting on a low-protein amide-containing ration 
there is an accumulation of true protein in the paunch 18 
hours after the last feeding. 

The experiments described below were undertaken with the 
conviction that a considerable conversion of urea into protein 
in the paunch has been demonstrated. The main purpose of 
the experiments was, first, to determine whether the rate of 
conversion was sufficient to cover the maintenance require- 
ments of sheep, and, second, to measure the efficiency of con- 
version by determining the biological value of urea in com- 
parison with that of casein. 


PLAN OF THE EXPERIMENTS 

The experiment consisted of a series of nitrogen balance 
studies on eight grade sheep, mainly of Rambouillet breeding, 
ranging from 15 to 18 months in age and from 27 to 40 kg. 
in body weight. The endogenous urinary nitrogen and the 
metabolic fecal nitrogen were determined on all sheep by 
measuring the output of nitrogen in urine and feces after 
subsistence upon a low-nitrogen ration until the output of 
urinary nitrogen and the percentage of creatinine nitrogen 
on the total nitrogen became constant from day to day. Then 
the nitrogen metabolism was studied in periods of 6 to 34 days 
in length during which the basal ration was supplemented with 
¢raded amounts of urea or casein. 

In order to test the finding of Scheunert, Klein and Steuber 
(°22) that ingested urea is in considerable part excreted 
through the skin of sheep, all of the sheep in this experiment 
were washed thoroughly before and after each collection period 
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with a warm solution of soap and sodium carbonate and rinsed 
with about 17 liters of distilled water. To facilitate this treat- 
ment, the sheep were sheared prior to the initiation of the 
metabolism experiments. During these experiments the sheep 
were confined in metabolism crates of a design similar to that 
described by Forbes (715). 

The low-nitrogen basal ration was modified frequently at 
the start of the experiments in order to secure a mixture of 
satisfactory palatability. That used in most of the experi- 
ments contained in per cent: wheat straw 25.0, wood pulp 
10.5, corn starch 28.42, brown sugar 29.0, corn oil 4.5, complete 
salt mixture 2.0, and citric acid 0.58. The mixture was dextrin- 
ized by steam cooking with water. It was then dried and 
broken into small lumps. In this form it contained on an 
average 95.71% of dry matter, 0.136% nitrogen and 4.016 
calories of gross energy per gram. In compounding the other 
rations, urea or casein would be either incorporated in the 
above ration or, in the case of urea, added to the day’s ration. 
Each sheep received daily, in addition to its solid food, 2 ee. 
of a fortified cod liver oil. 

The food intakes of the sheep were maintained constant 
insofar as possible throughout a series of comparable metabo- 
lism periods, though frequently in a final low-nitrogen period 
the appetite of the sheep would decline and food consumption 
would decrease. 

All ration mixes, urine collections and feces collections were 
analyzed for total nitrogen by the Kjeldahl method and the 
urines were analyzed for creatine and creatinine essentially 
by the method of Folin (’14) using purified picrice acid as 
described by Benedict (’29) and substituting the photoelectric 
colorimeter for the DuBosq colorimeter. Cellulose and lignin 
were determined in food and feces by the methods of Crampton 
and Maynard (’38). 


DISCUSSION OF EXPERIMENTAL RESULTS 


The endogenous urinary nitrogen. In twenty metabolism 
periods on the eight experimental sheep on the low-nitrogen 
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basal ration, the endogenous nitrogen in the urine averaged 
0.0393 gm. daily per kilogram of body weight, or 1.425 gm. 
per m? of body surface (Ritzman and Colovos, ’30). Eliminat- 
ing four high results after the application of Chauvenet’s 
criterion, reduces the average to 0.0333 gm. per kilogram of 
body weight, or 1.231 gm. per m? of body surface daily, the 
coefficients of variation being 9.43 and 10.40, respectively. The 
value of 1.231 gm. of endogenous nitrogen per m? of body 
surface is considerably smaller than similar values found 
by Smuts (’35) for the mouse, rat, guinea pig, rabbit or pig. 
The value of 0.0333 gm. per kilogram body weight agrees 
very well with the average of 0.035 gm. for sheep reported by 
Smuts and Marais (’38), that of 0.037 gm. reported by Miller 
and Morrison (’39), and also that of 0.0331 gm. obtained by 
Sotola (’30). 

The creatinine nitrogen averaged 24.7% of the total urinary 
nitrogen in the low-nitrogen periods and the average creatin- 
ine coefficient was 22.5. Creatine was present in all of these 
urines to the extent of 0.032 to 0.244 gm. daily. 

T*e metabolic nitrogen of the feces. In the twenty low- 
nitrogen periods, the fecal nitrogen excretion averaged 0.555 
gm. per 100 gm. of dry matter consumed, with a coefficient of 
variation of 11.91. This value is identical with that obtained 
with sheep by Miller and Morrison (’39) and approximates the 
earlier value of Morgen, Beger and Westhauser (cited by 
Mitchell, ’26), i.e., 0.51 gm. of metabolic nitrogen per 100 gm. 
of dry matter consumed. It is considerably less than Sotola’s 
(’30) average of 0.66 gm. 

The nutritive effects of wrea and casein. The appetites of 
the animals always improved on the transition from the low- 
nitrogen basal ration to the urea-supplemented or the casein- 
supplemented rations, and weight maintenance was more 
readily secured. 

The finding of Scheunert, Klein and Steuber (’22) that urea 
is excreted through the skin of sheep, based upon three wash- 
ings on one sheep, was not confirmed. The averages collected 
in table 1 show that the amount of nitrogen contained in the 
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TABLE 1 


Average daily amounts of nitrogen in the wool washings for the different 
experimental rations 


NITROGEN IN WASHINGS 


NUMBER AVERAGE 

aac waemmmes a Average sou bon eat. 

per day BODY WEIGHT 
days gm. gm. 

Normal 7 44.1 0.133 0.0037 

Casein 7 16.3 0.146 0.0039 

Urea 19 21.1 0.112 0.0032 

N-low 19 12.8 0.114 0.0036 


wool washings is unaffected by the type of ration consumed 
and is low in all cases. It probably represents a rather constant 
excretion through the skin, together with urine contamination 
from the floor of the metabolism cage. In the computations of 
nitrogen balance reported below, the washings nitrogen has 
been taken into account as a component of the nitrogen 
excretion. 

The fecal nitrogen increased in the transition from a low- 
nitrogen ration to one containing either casein or urea. The 
coefficients of apparent and true digestibility for the casein 
and urea nitrogen are summarized in table 2. The average 
true digestibility of casein nitrogen, the metabolic nitrogen 


TABLE 2 


Average digestion coefficients for casein and urea nitrogen 


DIGESTIBILITY OF CASEIN NITROGEN DIGESTIBILITY OF UREA NITROGEN 
---y Number Apparent True Number Apparent True 
— of igesti- digesti- o digesti- digesti- 
tests bility bility tests bility bility 

% % % % 

3 1 23.3 82.5 1 24.3 85.6 
+ «s mae cee 1 23.0 86.0 
5 2 38.8 90.6 5 45.9 91.0 
6 2 40.4 94.8 4 34.4 81.7 
7 4 44.0 89.4 
8 4 54.2 93.5 
9 es eee eee 1 24.5 99.2 
10 2 49.3 79.6 5 51.3 83.0 


Average 38.0 86.9 37.7 88.8 
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of the feces being duly considered, was 86.9%, while that for 
urea nitrogen was 88.8%. The fact that the nitrogen of a 
readily soluble compound like urea is not completely digested 
by the sheep, is consistent with the hypothesis that it has 
been converted into bacterial protein in the paunch. 

The digestibility of dry matter in the basal ration was dis- 
tinctly improved by the urea supplements (table 3), while the 
increases observed with the casein supplements can be ac- 
counted for only in part by a possible greater digestibility of 
casein than of the dry matter of the basal ration. Of the dry 
matter constituents of the basal ration, the cellulose was 


TABLE 3 


Average digestion coefficients for dry matter and cellulose 


DIGESTIBILITY OF DRY MATTER DIGESTIBILITY OF CELLULOSE 

SHEEP Casein ration Urea ration N-low ration Urea ration N-low ration 
on No. of Digesti No. of Digesti- No. of Digesti- No. of Digesti- No.of Digesti- 

tests bility tests bility tests bility tests bility tests bility 

A % % % Te 

5 2 64.1 5 66.7 3 62.5 2 2.7 2 31.0 

6 4 67.8 4 64.8 5 59.0 1 43.9 4 10.0 

7 4 66.7 2 59.8 2 30.0 2 13.2 

8 4 65.2 2 63.3 4 36.5 2 23.8 

9 1 64.8 2 62.8 1 34.9 2 25.0 
10 2 68.7 5 66.3 3 59.1 2 44.4 2 3.8 
Average 66.9 65.8 61.1 38.7 17.8 


digested to a much greater extent (38.7%) in the rations 
containing urea than in the unsupplemented basal ration 
(17.8%). The digestibility of lignin was not affected by urea, 
and data on this point are omitted from table 3. The in- 
creased digestion (disappearance) of dry matter and of cellu- 
lose contained in the basal ration is consistent with the 
hypothesis that the addition of urea to such a ration stimulates 
the proliferation of the paunch flora and enhances carbo- 
hydrate fermentation there. 

The nitrogen balance, consistently negative on the low- 
nitrogen regime, was always improved when either casein or 
urea was incorporated in the ration. Furthermore, it was 











in table 4. 


LENGTH DRY 
RATION OF MATTER 
PERIOD EATEN 


days gm. 
Low-nitrogen 11 371 
Urea 10 381 
Low-nitrogen 8 302 
Urea 34 424 
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TABLE 4 


A series of nitrogen metabelism studies on sheep 7. 


on the daily basis 


In 
basal 
ration 

gm. 
0.50 
0.55 
0.45 


0.62 


NITROGEN INTAKE 


In 
supple- 
ment 

gm. 
0 
2.32 
0 
4.63 
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always possible with either casein or urea to bring the sheep 
into nitrogen equilibrium or even to promote a positive balance 
of nitrogen by using large enough supplements of these sub- 
stances. These facts were 
' experimental sheep, but the data will not be presented in detail. 
The relation between the nitrogen intakes of the sheep per 
kilogram of body weight and the balance of nitrogen expressed 
on the same basis for all of the sheep for which sufficient data 
were obtained is depicted graphically in the charts. 
relationship is evidently rectilinear, or approximately so, 
within the range of nitrogen intake that prevailed. 


of the 


The 


A typical series of nitrogen balances on sheep 7 is given 


Results expressed 


NITROGEN OUTPUT 


In 


feces 


gm. 

1.86 
2.11 
1.49 


2.63 


In 


urine 


gm. 

0.89 
1.06 
0.86 
1.83 


of the endogenous loss of nitrogen, averaging 
in two periods with sheep 5, 6 and 10, when a sample of wheat 
straw much higher in nitrogen than usual was inadvertently 
included in the basal ration. 


In 


wash- 


ings 
gm. 
0.07 
0.06 
0.07 
0.06 


NITROGEN 
BALANCE 


gm. 
—2.32 
—0.36 
—1.97 
+0.73 


For all sheep, the basal ration provided only from 10 to 30% 


A%, except 


The significance of the nitrogen balances may be questioned 
on the grounds, either (1) that there is a loss of ammonia 
nitrogen in the expired air, since urea is rapidly converted to 
ammonia in the paunch (Lenkeit and Becker, ’38), or (2) that 
there is an accumulation of urea in the blood of ruminants fed 
this compound. The first possibility was explored with nega- 
tive results by Scheunert, Klein and Steuber (’22). 
Booth, Bohstedt and Hart (’40) could detect no loss of nitro- 


Wegner, 
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gen from an incubating mixture of rumen bacteria and urea. 
The absorption of ammonia from the paunch and its excretion 
through the lungs seems impossible, since the lungs are 
impermeable to ammonia (Magnus, ’02). The second pos- 
sibility was studied by Bartlett and Cotton (’38) and by 
Hart and associates (’39) with negative results. 

Confirming the significance of the nitrogen balance data 
relative to the efficacy of urea in covering the nitrogen re- 
quirements of maintenance, are the protracted experiments 
on sheep 7 and 8. The body weights of these sheep were main- 
tained for 109 and 122 days respectively on the low-nitrogen 
basal ration with additions of urea sufficient to establish a small 
positive nitrogen balance. At the end of these periods, the 
health and appetite of the sheep were good and the experiment 
probably could have been continued indefinitely. 

The amounts of urea and casein nitrogen required for 
equilibrium. The relation between the daily intakes of nitro- 
gen and the daily balances of nitrogen for the various experi- 
mental periods and sheep, both quantities expressed per kilo- 
gram of body weight, are shown graphically in charts 1 and 2. 
The data for urea were sufficiently numerous for sheep 5, 6, 7, 
8 and 10 to warrant individual presentation. A composite 
diagram for these sheep, including also the less complete data 
for sheep 3, 4 and 9, is also presented. The data for casein 
are composited in one diagram. 

The relationship appears to be at least roughly rectilinear 
and hence in each diagram a rectilinear equation was fitted to 
the data by the method of least squares. The intersection of 
this line with the abscissa representing equilibrium locates 
the intake of nitrogen required for equilibrium. Except for the 
small amounts of nitrogen in the basal ration, equivalent to 
about 20 mg. daily per kilogram of body weight, these intakes 
of nitrogen required for equilibrium represent either urea 
nitrogen or casein nitrogen. For the five sheep with sufficient 
data to warrant this statistical treatment, the amounts of urea 
nitrogen necessary for equilibrium were 215 mg. per kilogram 
of body weight daily for sheep 5, 248 mg. for sheep 6, 122 mg. 
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Fig.1 The relation between the amounts of urea nitrogen and casein nitrogen 
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Fig.2 The relation between the amounts of urea nitrogen and casein nitrogen 


consumed daily and the nitrogen balance. 
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for sheep 7, 204 mg. for sheep 8 and 229 mg. for sheep 10. The 
greater efficiency of sheep 7 in this respect is clearly evident 
from chart 1. The average of the above values is 204 mg., and 
the intercept in the composite diagram, containing also less 
complete data for three other sheep, is 202 mg. 

From the composite diagram for the casein experimental 
periods an intercept of 161 mg. per kilogram of body weight 
is obtained. A comparison of the two average values, 202 mg. 
for urea nitrogen and 161 mg. for easein nitrogen, indicates 
that the former is only 80% as valuable as the latter in the 
replacement of the losses of endogenous nitrogen in the sheep. 

Klein, Schmid, Studt and Miiller (’39), from metabolism 
experiments on five sheep weighing about 50 kg. and subsist- 
ing on a ration of molasses, straw, chaff, starch, sucrose, 
lactose and salt, calculated a physiological protein minimum 
of 410 mg. of digestible protein per kilogram of body weight 
necessary for nitrogen equilibrium. This value was obtained 
by multiplying the urinary nitrogen at equilibrium by 6.25. 
It relates mainly to the amide nitrogen of molasses which 
provided most of the nitrogen consumed. In terms of nitrogen, 
the above value is equivalent to 66 mg. 

The values obtained in this study refer to the nitrogen 
intake, and include not only the indigestible nitrogen of the 
feces but also the metabolic nitrogen. To obtain values 
comparable to that of Klein and his associates, they must 
be multiplied by 0.38, since the apparent digestibility of the 
dietary nitrogen was 38% (table 2). The product of 202 « 0.38 
is 78 mg., and that of 161 < 0.38 is 61 mg. The value of 
Klein et al., i.e., 66 mg., is almost midway between the two 
values thus computed. 

The biological values of urea nitrogen and casein nitrogen 
for maintenance. Biological values for urea nitrogen and 
casein nitrogen were calculated in the usual way (Mitchell, 
24). The results of these calculations, arranged in the order 
of increasing levels of dietary nitrogen, are summarized in 
table 5. 
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TABLE 5 
Estimations of biological values of urea and casein nitrogen 


DAILY NITROGEN INTAKE 


SHEEP a we Multiple Protein seenpentt eo eae 
we. Amount of N equivalent BALANCE vaLee 
requirement ! in ration ? 
Urea 
gm %o gm. % 
4 2.22 0.56 4.13 —1.48 99 
10 2.3 0.66 3.40 —1.22 89 
3 2.84 0.89 4.23 —0.99 92 
Average 2.47 0.70 3.92 —1,23 93 
5 3.14 1.00 4.55 -1.57 44 
6 3.07 1.00 4.47 —1.42 67 
7 2.32 1.00 3.80 —0.37 92 
8 2.75 1.00 4.46 —0.77 79 
9 2.75 1.00 3.96 —0.86 75 
10 3.51 1.00 5.09 —1.29 60 
Average 2.92 1.00 4.39 —1.05 70 
5 4.19 1.33 6.09 —1.02 43 
7 4.63 2.00 6.83 +0.73 76 
5 7.44 2.49 8.06 +0,20 60 
6 8.37 2.82 9.91 +0.03 54 
8 8.25 3.00 11.91 +0.71 49 
5 9.30 3.11 10.12 +0.31 49 
10 8.33 3.37 9.57 +0.47 42 
10 9.59 4.44 12.65 +0.54 36 
Casein 

3 2.43 0.76 4.26 —0.76 100 
5 5.31 1.78 5.79 +0.13 87 
6 5.31 1.79 6.32 +0.42 88 


* Multiple of negative nitrogen balance on low-nitrogen ration. 


* (N X 6.25) expressed as a percentage of the dry matter, disregarding the small 


amount of nitrogen in the basal ration. 


The results show the anticipated drop in the biological value 
of urea nitrogen with increasing levels of intake. They also 


reveal for urea an unusually wide range of values 


for the 


same level. The exceptionally high biological values obtained 
consistently for sheep 7 are particularly notable. Since the 
utilization of urea is a function of the paunch flora and fauna, 
the variation in utilization would be associated with variations 
from one animal to another and from one time to another 
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in the types of micro-organisms present in the paunch and in 
the conditions existing there bearing on the development and 
propagation of bacteria and protozoa. 

At the lowest levels of intake the urea nitrogen seems to be 
practically completely. utilized in metabolism. At the same 
concentrations of dietary nitrogen, the nitrogen of casein 
seems to be definitely better utilized than that of urea. 

It is possible to compute the biological values of the nitrogen 
of urea and casein at the precise point of nitrogen equilibrium 
from the data given in the last section relative to the amounts 
of urea and casein nitrogen, respectively, required for equili- 
brium, i.e., 202 and 161 mg. per day per kilogram of body 
weight. This computation is made according to the following 
formula: 


E 
B 


I 


ID — 


+= a 


in which B is the biological value expressed as a decimal, 
E is the endogenous nitrogen, I the nitrogen intake required 
for equilibrium, M the metabolic nitrogen, and D the true 
digestibility of the dietary N, expressed as a decimal. Per 
kilogram of body weight per day, EK = 33.3 mg. and M = 77.4 
mg., [= 202 mg. for urea nitrogen and 161 mg. for casein 
nitrogen and D = 0.888 for urea nitrogen and 0.869 for casein. 





Thus computed, the average biological values of urea and 
easein nitrogen at nitrogen equilibrium are 62 and 79, 
respectively. 

CONCLUSIONS 


1. The endogenous nitrogen excretion of sheep weighing 
about 34 kg. and ranging in age from 15 to 18 months averages 
0.0333 gm. per kilogram of body weight and 1.23 gm. per m? 
of body surface. The metabolic nitrogen in the feces averages 
0.55 gm. per 100 gm. of dry matter consumed. 

Zz. Urea administered to sheep in amounts commensurate 
with their requirements for maintenance is not excreted 
through the skin. 
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3. Urea added to a low-nitrogen ration improves the digesti- 
bility of cellulose markedly and is itself digested to the extent 
of 88.8%. 


4. Sheep may be maintained in body and nitrogen equili- 
brium for well over 100 days on rations containing urea and 
minimal amounts of protein providing only one-tenth the 
amount of nitrogen needed for equilibrium. 

5. Nitrogen equilibrium may be maintained on 202 mg. of 
urea nitrogen and 161 mg. of casein nitrogen per kilogram 
of body weight daily. 

6. At nitrogen equilibrium, the biological value of urea nitro- 
even is 62, and of casein nitrogen 79. 


The authors wish to acknowledge the invaluable advice and 
assistance of Dr. W. G. Kammlade and Mr. W. J. Hampton 
of the Sheep Husbandry Division in the feeding and care of 
the sheep used in these experiments. 
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In the preceding paper (Harris and Mitchell, ’41) it has 
been shown that urea nitrogen is available to the sheep for the 
replacement of at least 90% of the endogenous losses of nitro- 
gen, presumably through the mediation of the micro-organ- 
isms of the paunch, with an efficiency of about 60%. In the 
experiment to be reported below, the extent to which urea 
nitrogen can be used in satisfying the growth requirements 
of sheep was explored and some information was obtained on 
the efficiency of utilization. 


PLAN OF THE EXPERIMENT 


Twenty-three Montana grade cross-bred wether lambs, rang- 
ing in weight initially from 50 to 80 pounds, were the subjects 
of the experiment. During a preliminary period of 40 days 
they were fed a ration of corn silage ad libitum, supplemented 
with limestone, salt and a fortified cod liver oil. The purpose 
of this period was to determine whether this ration, to be used 
as a basal ration in the subsequent growth period, was capable 
of supporting growth or nitrogen equilibrium. Hence, body 


* The data reported in this paper were taken from a thesis submitted by Lorin E. 
Harris to the Graduate School of the University of Illinois in partial fulfillment 


of the requirements for the degree of Doctor of Philosophy in Animal Husbandry, 
August, 1940. 
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weights were determined for all lambs at the beginning and 
end of the period and nitrogen balances measured on three of 
the lambs. 

At the end of the preliminary period, all lambs were sheared 
and five of them were slaughtered for carcass analysis. 

The remaining eighteen lambs were then carried through a 
growth period of 71 to 111 days. During this period the lambs 
were fed in six pairs and two trios, for the purpose of com- 
paring the basal ration plus a nitrogen-free supplement (dex- 
trinized by steam cooking) of starch 83, corn syrup 10, brown 
sugar 5, salt mixture 1 ? and citric acid 1%, with three rations 
prepared from the latter by the addition of sufficient urea to 
raise the protein equivalent (N X 6.25) from an average of 
5.35% on the dry basis to approximately 8% in one ease, 
11% in a second case and 15% in a third. 

Three pairs of lambs were used in comparing the 11 and 
15% rations, and three other pairs in comparing the 8 and 
11% rations. In one trio, the basal ration was compared with 
the 8 and 11% rations, and in another trio, the basal ration 
was compared with the 11 and 15% rations. Within all pairs 
and trios the intakes of silage and of carbohydrate supple- 
ments were equalized. 

After the first 30 days of feeding, the Ca to P ratio of all 
rations was adjusted to approximately 2:1, and elemental 
sulfur was added to all rations in the proportion of one-fif- 
teenth of the urea nitrogen in the 15% protein-equivalent 
ration. 

Nitrogen balances were determined on the lambs during the 
growth period, using collection periods of 10 days preceded by 
preliminary periods of 5 days, the food intake being constant 
for the entire 15 days. At the termination of the growth period, 
the lambs were slaughtered and their entire carcasses were 
analyzed for dry matter, nitrogen and gross energy. Initial 
and final body weights of the lambs were averages of weights 
taken on 3 consecutive days. 


*L. G. Wesson, Science, vol. 75, p. 339 (1932). 
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THE EXPERIMENTAL RESULTS 

Preliminary period. During the 40-day preliminary period 
the ration of corn silage supplemented by minerals and cod 
liver oil, in the amounts voluntarily consumed, did not main- 
tain the body weight of most of the twenty-three lambs. With 
the exception of two of the lambs, the food consumption de- 
clined during this period. Two of the lambs showed slight 
increments in body weight of 1.5 and 3.0 pounds, one lamb 
maintained its weight while all of the rest lost weight, the 
losses ranging from 0.5 to 10.0 pounds. The average change 
in weight for the group was — 3.1 pounds. 

The nitrogen metabolism was studied on this ration with 
three of the lambs. The results of these studies are summa- 
rized in table 1. During the first collection periods the first 

TABLE 1 


Nitrogen metabolism of lambs during the preliminary period on the basal ration 
alone and with a sugar supplement. 


LAMB NO. DAILY NITROGEN METABOLISM: 





AND BODY RATION 
WEIGHT Intake Feces Urine Balance 
one gm. gm gm. gm. 
2706 Basal 4.99 2.61 2.98 —(0.60 
60.3 kg. Basal + sugar 4.11 3.05 1.67 —0.61 
Basal 4.42 2.65 2.71 —0.94 
2837 Basal 4.99 2.40 3.01 —0.42 
68.0 kg. Basal + sugar 4.11 3.24 1.84 —0.97 
Basal 4.88 2.61 2.58 —0.31 
2783 Basal + sugar 4.24 4.09 1.44 —1.29 
64.5 kg. Basal 4.42 3.56 1.94 —1.08 


two lambs consumed 1361 gm. of silage daily. The nitrogen 
balances were all negative. In order to determine whether 
these losses of nitrogen were conditioned by an inadequate 
intake of energy, 125 gm. of glucose were added to the ration 
of lambs 2706 and 2837 in a second period and in the first 
collection period for lamb 2783. The intake of silage was 
somewhat depressed, amounting to 1225 gm. daily for the first 
two lambs and 1261 gm. for the third, but the energy intake 
must nevertheless have been greater. The effect of the sugar 
was to depress the excretion of urinary nitrogen but to in- 
crease that of the fecal nitrogen to such an extent that the 
balances of nitrogen for the first two lambs were even more 
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negative than in the first collection period. A return to the 
silage ration in a following collection period reversed these 
changes. 

The digestibility of the nitrogen of the silage was appar- 
ently depressed by the sugar supplement even more than 
would be expected from the resulting increase in the excretion 
of metabolic nitrogen in the feces. Computations of the bio- 
logical value of the nitrogen of the silage, using average values, 
obtained in the preceding studies on maintenance, for the 
endogenous nitrogen in the urine, per 100 gm. of body weight, 
and the metabolic nitrogen in the feces per gram of dry matter 
consumed, gave an average of 59, with individual values of 
56, 52, 59, 63 and 64. For the silage and sugar ration, the bio- 
logical values of the nitrogen were 73, 76 and 79, averaging 76. 

The five check lambs slaughtered at the termination of the 
preliminary period showed an average gastrointestinal fill of 
16.6% of the live weight. The average composition of the 
empty weight was: 35.53 + 0.64% of dry matter, 2.42 + 0.05% 
of nitrogen and 2194 + 55 gm. cals. per gram. These average 
values were used in computing the initial composition of the 
lambs in the growth experiment. 

Growth period. With the addition of the carbohydrate sup- 
plement and the urea at the start of the growth period, the 
lambs ate their rations with more relish and the food consump- 
tion increased. The period started on December 12, 1937, and, 
as in the preliminary period, the lambs were housed at the 
sheep barns. However, on December 27 a spell of sub-zero 
weather set in and it was impossible to keep the lambs com- 
fortably warm, even with the use of blankets. They were there- 
fore moved to the nutrition laboratory and confined in indi- 
vidual stalls, improvised from wooden hinged barriers, on a 
concrete floor covered with shavings. During this disturbance 
the lambs went off feed and their appetites were slow in recov- 
ering under laboratory conditions. Hence, for a period of 20 
to 40 days the lambs first lost weight and then merely regained 
their initial weights. From then on, however, the gains were 
as satisfactory as could be expected from the nature of the 
rations under test. 
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In the course of 50 days it became apparent that the lambs 
in the two trio groups receiving the basal ration alone were 
not going to gain in weight. Hence, the control lamb in the 
trio affording a comparison of the 11 and 15% protein rations 
was given sufficient casein to bring the protein level to 15%, 
the starch in the carbohydrate supplement being reduced 
accordingly. Two balance periods were obtained on this trio 
after this change in feeding was effected. 

The control lamb in the other trio also began to refuse feed 
before a nitrogen balance study could be made. In this case, 
all three lambs were put upon a ration of alfalfa hay, corn, 
oats, yeast and mineral supplements for a period of 20 days, 
after which they were returned to their original rations and 
management. On the latter regime, their food consumption 
was such that a nitrogen balance study was carried out, but 
shortly after this the appetite of the control lamb again 
declined. 

The average daily gains in body weight of these two trios 
of lambs during the various subperiods into which their experi- 
ments were necessarily divided, are collected in table 2. From 


TABLE 2 


Summary by periods of daily gains of lambs in trios 1 and 2. 


— LENGTH PROTEIN AVERAGE 
TRIO a OF RATION FED EQUIVALENT DAILY 
— PERIOD IN RATION GAIN 
days % pounds 
1 2885 50 Basal + urea 14.7 —0.08 
2706 50 Basal + urea 10.9 —0.02 
2850 50 Basal 5.1 —0.19 
1 2885 61 Basal + urea 14.2 0.34 
2706 61 Basal + urea 10.6 0.34 
2850 61 Basal + casein 14.4 0.42 
2 2754 50 Basal + urea 11.2 —0.11 
2796 50 Basal + urea 8.2 —0.22 
2805 50 Basal 5.8 —0.23 
2 2754 20 Normal 16.1 0.65 
2796 20 Normal 16.1 0.78 
2805 20 Normal 16.1 0.75 
2 2754 41 Basal + urea 11.2 0.17 
2796 41 Basal + urea 8.2 0.09 


2805 41 Basal 5.8 0.05 
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these results it is evident, first, that the basal ration alone was 
unable to support any considerable growth in the amounts 
consumed, or even to maintain weight, and, second, that the 
basal ration supplemented with urea was capable of promoting 
approximately normal gains in body weight. 

In confirmation of the latter statement, the three pairs of 
lambs receiving the rations containing 11 and 15% of protein 
equivalent made gains during the last 60 days of the experi- 
ment averaging 0.26 and 0.25 pound daily, respectively. 

The total gains in body weight for the entire growth period 
(see table 3) reveal a consistent advantage for the 11% ration 
over the 8% ration among the four possible comparisons. The 
average difference in total gain was 2.12 kg., the standard 
deviation of differences, 1.01 kg., and the probability that for- 
tuitous factors would produce an average difference in gain 
as great or greater than 2.12 kg. is only 0.018 (Student, ’08) 
and hence may be neglected. It may, therefore, be concluded 
that the additional urea in the 11% ration has induced a 
greater rate of growth than the 8% ration. 

In the four comparisons of the 11 and 15% rations, the 
average total gains were 8.90 and 7.62 kg., respectively, and the 
difference between the two averages is clearly insignificant. 

The nitrogen metabolism data secured on the lambs during 
the growth period are summarized in table 4. The three pos- 
sible comparisons of the rations containing 11 and 8% protein 
equivalent all favor the higher protein ration in the daily 
storage of nitrogen, the average difference in nitrogen bal- 
ance being 1.25 gm. per day. The standard deviation of dif- 
ferences is 0.35 gm. and the probability of a fortuitous result 
is only 0.018. The nitrogen balance data, therefore, bear out 
the body weight measurements in indicating a superior per- 
formance of the 11% ration over the 8% ration in promoting 
erowth. 

The unsupplemented basal ration induced negative nitrogen 
balances in three of the four tests, and the one positive balance 
was practically the equivalent of equilibrium, i.e., +0.30 gm. 
daily. 
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TABLE 4 


Nitrogen metabolism data on growing lambs. Results expressed on the daily basis. 










PER CENT NITROGEN INTAKE BIO- 

: GEN 
LAMB PROTEIN ae “gy N IN N IN N BAL- LOGICAL 
NO. EQUIVA - ENT Basal Supple- FECES URINE ANCE VALUB OF 







ment TOTAL N 





LENT ration 














gm. gm. gm. gm. gm. % 
2909 11 Urea 4.90 5.53 3.58 4.10 2.75 67 
2837 Ss Urea 4.90 2.64 3.3! 










Urea 


Urea 


6.02 


6.02 


2711 


2692 














2754 Urea 4.89 23 
2796 8 Urea 4.89 1.72 3.59 2.27 0.75 73 
2805 5 None 4.89 0 4.06 134 —0.51 63 























2805 5 None 4.46 0 3.38 148 —0.40 75 
2773 5 Urea 5.75 12.39 4.95 11.30 1.89 . 40 
2824 1] Urea 5.75 7.51 4.47 6.26 2.53 60 
2830 5 Urea 4.90 9.38 3.21 8.34 2.73 47 
2629 11 Urea 4.90 5.53 3.46 4.68 2.29 62 
2800 15 Urea 4.92 7.22 2.99 7.61 1.54 41 
2701 11 Urea 4.92 3.95 3.13 4.87 0.87 50 
2885 5 Urea 4.79 9.12 3.07 7.55 3.29 51 
2706 11 Urea 4.79 5.49 3.69 5.30 1.29 53 
2850 5 None 4.79 0 3.64 1.45 —0.30 82 
ORRD 15 Urea 5.05 9.38 3.65 8.17 2.61 47 
2706 il Urea 5.05 5.53 3.39 5.05 2.14 59 
2850 5 None 5.05 0 3.24 1.51 0.30 83 
2885 15 Urea 5.11 8.94 3.98 7.40 2.67 51 
2706 1] Urea 5.11 5.25 3.32 4.17 2.87 68 
2850 15 Casein 5.07 8.98 3.48 6.80 3.77 57 
28R5 15 Urea 6.36 9.71 4.39 8.20 3.50 53 
2706 11 Urea 6.36 5.60 3.65 5.16 3.15 65 
2850 15 Casein 6.32 9.75 4.65 6.93 4.49 61 


Comparing the 15 and 11% rations, only five of the seven 
pairings favor the former ration. The average daily balances 
of nitrogen were, respectively, 2.60 and 2.16 gm. daily, and the 
average difference, 0.44 gm., is statistically insignificant 
(s = 0.76 and P = 0.11). Thus, again the balance data sup- 
port the growth data, in this case indicating no significant 
difference in growth-promoting properties between the 15 
and the 11% rations. 
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The conclusion may, therefore, be drawn from the latter 
comparison, either that the ration providing 11% protein 
equivalent satisfies completely the nitrogen requirement of 
these lambs for maintenance and growth, or that the upper 
limit in the rate of protein synthesis from urea in the paunch 
was reached on the 11% ration. The former conclusion is not 
out of harmony with unpublished experimental results from 
this laboratory indicating that the growth requirements of 
lambs of approximately the size of those used in this experi- 
ment can be completely satisfied by a ration containing not 
much more than 9% of protein (Mitchell and Hamilton, ’31- 
32, ’35-—36). 

The two tests with casein indicate a clear superiority of 
casein nitrogen at the level of 15% protein equivalent over the 
urea nitrogen at either the 15 or the 11% protein equivalent 
level. If these differences were statistically significant, the 
conclusion would be justified that the rate of protein synthesis 
from urea in the paunch is not sufficiently rapid under the 
conditions of this experiment to provide fully for the protein 
demands for growth. 

It is interesting to note that the digestibility of dry matter 
was distinctly less for the lambs on the basal ration than for 
the lambs on the urea-containing and casein-containing rations, 
averaging 62.2, 73.3 and 71.3%, respectively. 

The storages of nitrogen and energy throughout the growth 
period of all lambs slaughtered and analyzed, estimated from 
the chemical composition of the entire carcasses and from the 
average composition of the check lambs sacrificed and ana- 
lvzed at the beginning of the experiment, are summarized in 
table 3. Lamb 2850 was not slaughtered, because the change 
from the basal ration to a casein-containing ration would 
render ambiguous the results of a careass analysis. Lamb 2837 
died of acute indigestion about 10 days before it was planned 
to terminate the feeding period, an event bearing no apparent 
relation to the type of ration consumed. Its pair mate, 2909, 
was slaughtered at this time and both carcasses were analyzed. 
3ecause of the poor food consumption of lambs 2776 and 2692, 
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both receiving the 8% ration, the feeding period of the cor 
responding pairs was terminated earlier than planned. 






The average compositions of the lambs in the various groups 
are summarized in table 5. 








TABLE 5 






The average chemical composition of the lambs on the various experimental rations. 






APPROXIMATE COMPOSITION OF EMPTY CARCASSES 







PROTEIN on ie 
EQUIVALENT IN GROUP D Nitrogen Gross 
OF RATION matter energy 


































% % % cal. per gm. 
ll 4 37.55 2.59 . 2378 
s 4 37.98 2.62 2419 
5.8 1 35.41 2.64 2057 
15 4 38.26 2.50 2494 
11 4 38.50 2.53 2459 


These values reveal nothing abnormal in the composition 
of the carcasses of the lambs receiving the urea rations, and 
no marked differences in composition produced by the differ- 
ent levels of urea fed. 

Among the four possible comparisons of the storage of 
nitrogen on the 11 and 8% rations, three indicated greater 
storages on the 11% ration. The one exception relates to the 
pair of lambs, nos. 2783 and 2776, that had the poorest appe- 
tites throughout the growth period and failed even to maintain 
their initial weight. These conditions are not conducive to an 
accurate estimate, which must be by difference, of the change 
in composition of the carcass of experimental animals by the 
slaughter method. Hence, it seems fair to minimize the im- 
portance of this apparent exception to the rule illustrated by 
the remaining three comparisons. The carcass analysis data, 
therefore, may be considered as not out of harmony with the 
growth data and the nitrogen balance data in indicating a 
superior growth-promoting value of the 11% ration over the 
8% ration. 

On the other hand, the nitrogen storages secured on the 
15 and 11% rations reveal no significant differences, in con- 
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sonance with the growth data and the nitrogen metabolism 
data. 

The biological values of the total dietary nitrogen were 
computed both from the balance data (table 4) and from the 
slaughter data (table 3). In both cases the basal dietary nitro- 
gen is necessarily included in the calculations, as well as the 
urea nitrogen and the casein nitrogen. Average values for the 
excretion of endogenous nitrogen in the urine (0.033 gm. per 
kilogram body weight) and of metabolic nitrogen in the feces 
(0.56 gm. per 100 gm. of dry matter consumed), obtained in 
the preceding experiment on the maintenance lambs, were 
assumed in making these calculations. The calculations from 
the balance data were made by the method usually employed 
in this laboratory (Mitchell, ’24), while those made from the 
slaughter data were necessarily different though they possess 
the same significance. In the latter case, the total nitrogen 
storage plus the estimates of total body losses in urine and 
feces (endogenous + metabolic nitrogen) was divided by an 
estimate of absorbed nitrogen obtained by multiplying the 
total nitrogen intake for each lamb by the true digestibility of 
nitrogen computed from the results of the nitrogen balance 
studies. 

The average biological values for the nitrogen of the basal 
ration, at a level of 5 to 6%, were 81 from the balance data 
(four cases) and 100 from the slaughter data on one lamb. 
For the rations containing 8% protein equivalent (34% of the 
nitrogen in the form of urea), the average biological values 
were 75 from the balance data and 74 from the slaughter data. 
For the rations containing 11% protein equivalent (50% of 
the nitrogen derived from urea), the average biological values 
were 63 from the balance data and 58 from the slaughter data. 
For the rations containing 15% protein equivalent (62% of 
the nitrogen derived from urea), the average biological values 
were 47, as obtained from the balance data, and 41, as ob- 
tained from the slaughter data. The latter values may be 
compared with an average biological value of 59 for the 15% 
-asein ration obtained from the balance data on lamb 2850. 
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In accordance with general experience, the biological values 
of the urea rations decrease as the concentration of conven- 
tional protein increases, from 74 at the 8% level, to 60 at the 
11% level, and to 44 at the 15% level. The values obtained 
from the two sets of data agree remarkably well considering 
that the balance data were obtained over periods of 10 days 
and the slaughter data over periods of 71 to 111 days. 

For urea alone, Fingerling and associates (’37) have com- 
puted the efficiency of utilization on two growing calves to be 
50 and 61%, using nitrogen balance data on a low-protein 
ration and on the same ration plus a urea supplement. The 
latter ration did not support maximum retention of nitrogen. 
These values are comparable with those obtained in this ex- 
periment for the total nitrogen of the 11% ration. 

The average standard deviations of the biological values 
about their respective group means were 5.0, for those derived 
from the balance data, and 3.2 for those derived from the 
slaughter data. Mitchell, Burroughs and Beadles (’36) have 
reported an average standard deviation of 3.7 for an extensive 
series of biological values, each of which was secured with a 
group of nine or ten rats. 

The 15, 11 and 8% protein equivalent rations contained, 
respectively, 3.16, 1.88, and 0.93% of urea on the dry basis on 
the average. In order to detect evidence of possible renal 
damage, the kidneys of all slaughtered lambs were weighed 
and examined histologically by Dr. C. C. Morrill of the Divi- 
sion of Animal Pathology and Hygiene. In the four possible 
comparisons of the 15 and 11% rations, the kidney weight was 
consistently greater on the higher level of urea, averaging for 
both kidneys, 92.5 gm. for the 15% lambs and 80.0 gm. for the 
11% lambs. However, between the lambs on the 11 and the 
8% rations no consistent difference in kidney weight was ob- 
served, the average weights being 68.8 and 72.5 gm., respec- 
tively. 

The histological examination revealed no changes in struc- 
ture that are not often seen in animals receiving normal 
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rations. Although the urine volumes on all levels of urea were 
measured in a few cases, no evidence of diuresis was obtained. 
It seems fair to conclude that, in the concentrations fed and 
under the conditions of these experiments, urea did not exert 
an appreciable toxic effect. 


CONCLUSIONS 


1. The addition of urea to a low-nitrogen ration that is in 
itself unable to support appreciable growth in lambs or even 
consistently to maintain nitrogen equilibrium, converts it into 
a ration capable of promoting a normal or nearly normal rate 
of growth. Such a ration need contain no more than 11% of 
conventional protein (N X 6.25), in which urea provides 50% 
of the nitrogen. 

2. The biological value of the nitrogen of a ration of silage 
and a carbohydrate supplement, containing 5.35% of conven- 
tional protein on the dry basis, is about 82. With successive 
additions of urea to produce rations containing approximately 
8, 11 and 15% of protein equivalent, the average biological 
values are 74, 60 and 44, respectively. 

3. Rations of the type used in this experiment, containing 
up to 3.16% urea on the dry basis, do not exert any observable 
toxic effect on lambs over a feeding period of 110 days. At 
the highest level, some renal hypertrophy results, but there 
is no histological evidence of kidney damage. 


The authors wish to acknowledge the invaluable advice and 
assistance of Dr. W. G. Kammlade and Mr. W. J. Hampton of 
the Sheep Husbandry Division in the feeding and care of the 
lambs employed in these experiments. 
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In a previous paper (Oldham, Schlutz and Morse, ’37) we 
reported that, as judged by the amount of iron retained, a 
normal infant was able to utilize the iron of cooked beef 


in the form of iron salts. 


vacuum-dried meat. 








muscle equally as well as that of an iron salt. This finding 
was surprising, since Sherman, Elvehjem and Hart (’34) 
had reported that less hemoglobin was formed in anemic rats 
fed beef muscle than in those fed the same amount of iron 


In the present study we have attempted to find an explana- 
tion for the difference between our results and those of the 
Wisconsin group by comparing the hemoglobin levels of anemic 
rats after feeding equal amounts of iron as ferric chloride 
and as beef muscle. The beef muscle was fed both before 
and after heating in order to determine whether or not the 
process of heating affected the utilization of the iron of 
the meat. The study was divided into three parts in each 
of which matched pairs of animals received equivalent amounts 
of iron in different forms. In the first part ferric chloride and 
oven-dried meat were fed; in the second part, ferric chloride 
and vacuum-dried meat; in the third, oven-dried meat and 
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EXPERIMENTAL 


Treatment of animals 






Young male rats from mothers who had received our stock 
ration were weaned at 18 days of age. They were then housed 





in glass cages as described elsewhere (Oldham and Schlutz, 
40) and fed a diet of fresh whole milk. Approximately 6 
weeks were required for depletion of iron reserves and during 







the last 2 weeks of this period copper and manganese salts 
were added to the milk diet to insure complete depletion. 
When the hemoglobin levels were reduced to 3.0-4.0 gm. per 
100 ml. of blood, the animals were paired as to litter, hemo- 
globin level and weight. Supplementary feedings were then 
begun and were continued through a period of 6 weeks. 










Diets 










The animals received a basal diet of milk and copper and 
manganese salts in addition to their supplementary feedings 
of either ferrie chloride or meat. Fresh whole unpasteurized 
milk was obtained from a local dairy. Amounts fed daily 
were measured by pipettes into the feeding cups. A solution 

















of copper sulphate and manganese chloride equivalent to 
0.05 mg. of copper and 0.04 mg. of manganese was added to 
each milk cup before feeding. The supplements of ferric 
chloride were prepared in the laboratory from iron wire. 
They were measured by pipette and mixed with a small amount 
of milk. All supplements were given in the morning and were 
entirely consumed before additional food was offered. The 
meat was purchased as round steak, ground and dried either 
in an oven at 80°C. or under vacuum at room temperature. 
After it was dried, it was ground again in a mortar and the 
daily portions were weighed on an analytical balance. 

In the first experiment, one group of animals received daily 
68 ml. of milk and 2.0 ml. of ferric chloride (> 0.196 mg. Fe). 
Their litter mates received 40 ml. of milk, 2.57 em. of oven- 
dried meat and 1 gm. of cane sugar. The cane sugar was sub- 
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stituted for its caloric equivalent of milk to reduce the protein 
content of the diet and thus make it more comparable to that 
of the animals receiving ferric chloride supplements. The 
milk in the diet of both groups of animals was increased 
gradually as the experiment progressed, by amounts which 
insured good gains. The amount of milk given was always 
such that it was completely consumed by all animals. It was 
considered essential to keep the diets isocaloric in order that 
the weight gains of the two groups of animals would be 
comparable, since the hemoglobin level on a given iron intake 
is affected by the total blood volume and this in turn is pro- 
portional to the body weight. 

The animals in experiments 2 and 3 were treated similarly 
to those in experiment 1 with the exception of the supplements 
fed. In experiment 2 one group of animals received ferric 
chloride, their litter mates, vacuum-dried meat. In experi- 
ment 3 one group was fed oven-dried meat, the other vacuum- 
dried meat. 


Methods of analysis 


Samples of milk were analyzed for iron and the results ob- 
tained were used throughout the study. Each lot of meat was 
analyzed separately and an amount fed which kept the daily 
iron intake constant. The ferric chloride solutions were also 
analyzed for iron. The amyl alcohol thiocyanate method was 
used for all iron determinations. 

Hemoglobin determinations were made at the beginning of 
each experiment and at the end of the second, fourth, fifth and 
sixth weeks. The method used was that of Evelyn (’36). 


DISCUSSION OF RESULTS 


The daily iron intakes and the average gain in hemoglobin 
of animals on the different supplements are shown in table 1. 
The average hemoglobin levels on the various supplements are 
also shown in figure 1. When the chief source of iron was 
oven-dried meat, the average hemoglobin gain was slightly, 
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TABLE 1 
Daily iron intake and hemoglobin formation of animals receiving different supplements 





NO. OF SUPPLEMENT DAILY AV. Hb. LEVEL Av. Hb. LEVEL AV. GAIN 


ANIMALS TO MILK DIET rj oy AT BEGINNING AT END IN Hb. 






EXP. 
















mg. gm. /100 ce. gm./100 ce. gm./100 cc. 
l 6 Oven-dried meat 0.257 3.35 (2.98-3.75) 12.39(10.14—-14.30) 9.04(6.59-11.16) 
6 Fe Cl, 0.257 3.26 (2.88-3.70) 11.12(10.06—-13.18) 7.86(6.03— 9.48) 













2 5 Vacuum-dried meat 0.260 3.68(2.98-4.07) 9.47( 8.88-10.22) 5.79(5.54— 6.26) 
4 Fe Cl, 0.261 3.60 (2.98-4.02) 13.17(12.17-13.72) 9.57(9.19-10.12) 
3 5 Oven-dried meat 0.264 3.56 (3.14-3.86) 13.26(12.09-14.30) 9.70(8.70-10.44) 






4 Vacuum-dried meat 0.259 3.54(2.78-4.07) 7.68( 7.45— 7.85) 4.14(3.76— 4.67) 


















Oven-dried meat 0.260 3.45 12.79 9.34 
Fe Cl, 0.259 3.40 12.18 8.78 
Vacuum-dried meat 0.260 3.62 8.67 4.61 





Averages: 




















but not significantly greater than that found when an equal 
amount of iron was fed as ferric chloride (9.3 gm. and 8.8 gm. 
respectively per 100 ml. of blood). When, however, the chief 
source of iron was meat which had not been heated, the 
average hemoglobin level was significantly less than that for 
the other two groups, even though the total daily iron intake 
was the same for all three groups. 
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The same results are observed when individual hemoglobin 
values of paired animals are compared. It is evident (fig. 2) 
that, in each pair of animals, although slight variations oc- 
curred, the one which received oven-dried meat or ferric 
chloride was able to build almost twice as much hemoglobin 
as the litter mate who received vacuum-dried meat. It may 
also be noted that when one of a pair received oven-dried 
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Fig.2 Hemoglobin formation of individual animals. 


meat and the other ferric chloride, the hemoglobin gains were, 
in every case, almost identical. 

There seems to be little doubt but that at least 50% of the 
iron of beef is in the organic form, and is incorporated in the 
hemoglobin molecule. In a compilation of results from various 
laboratories MceCance (’39) states that values ranging from 
50 to 85% have been reported as representing the proportion 
of iron which did not react with dipyridyl reagent. The find- 
ings of Shenk, Hall and King (’34) substantiate this amount. 
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After analyzing the ribeye muscle of beef for muscle hemo- 
globin and blood hemoglobin they reported values of 0.332 
to 0.454% (for the former) and 0.015 to 0.041% (for the latter). 

The amount of dried meat given daily in the present study 
was 2.5 gm. which represented approximately 9 gm. of fresh 
meat. This amount of meat would contain 31 to 46 mg. of 
hemoglobin, if it is assumed that the percentages of muscle 
hemoglobin and blood hemoglobin in the meat used in this 
study were the same as those reported by Shenk and his 
co-workers. This would mean that 0.11 to 0.16 mg. of the iron 
intake of the animals receiving meat supplements was organic 
(of hemoglobin origin) since the iron content of both forms 
of hemoglobin according to Millikan (’39) is the same 
(0.345%). As the total iron content of the beef fed was ap- 
proximately 0.24 mg., and according to the above calculations 
0.11 to 0.16 mg. was organic, it would seem justifiable to con- 
sider at least 50% of the iron of beef to be in the organic form. 

It seems therefore, that the effect of the heat was to render 
the organic iron of meat as available as that of an inorganic 
iron salt. In light of this observation, the results of our 
previous study seem reasonable, since the infant was fed meat 
which had been cooked. 

The manner in which heat affects this change in the avail- 


ability of iron is an open question. That heat renders the beef 


more digestible seems improbable, since the animals receiving 
the two types of meat made comparable weight gains. <A 
possible explanation might be that heat so affects the hemo- 
globin molecule as to make it more easily broken down and thus 
more readily assimilated by the body. 


SUMMARY 


Young rats made anemic by a milk diet were given supple- 
ments of ferric chloride, oven-dried meat and vacuum-dried 
meat. 

When equal amounts of iron were fed in the form of the 
above-named supplements approximateiy the same amount of 
hemoglobin formation was observed when the supplement was 
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oven-dried meat as when it was ferric chloride. Significantly 
less hemoglobin formation occurred when vacuum-dried meat 
was fed. 

Heat renders the iron of beef muscle of which at least 50% 
is in the organic form, as available for hemoglobin synthesis 
as the iron of an inorganic iron salt. 
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CARBOHYDRATE STORAGE AND MOBILIZATION 
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FIVE FIGURES 
(Received for publication February 25, 1941) 


I. GENERAL STANDARDIZATION OF BIOLOGICAL AND TECHNICAL 
PROCEDURES IN GLYCOGEN DETERMINATIONS 


A striking feature of the published data on liver and muscle 
glycogen is the variability in concentration found among 
animals which were presumably under the same experimental 
conditions. As a result numerous animals must be used before 
safe conclusions can be drawn, even though the experimental 
changes are large. Thus, it is all but impossible to draw 
conclusions when the effect of the experimental procedure 
falls within the range of the usual control fluctuation, even with 
exceptionally large samples. 

The results of a number of recent investigators, summarized 
in table 1, emphasize the variability in reported glycogen con- 
centrations. Not only are wide deviations encountered from 
laboratory to laboratory, but in many cases in the results of 
a given author. 

It appeared to be essential, therefore, to increase the bio- 
logical, i.e., animal to animal, precision of the determination 
before entering upon a research in which the expected glycogen 
changes were of ordinary physiological magnitude. As a 
measure of the difference between animals the coefficient of 
dispersion, calculated from ¢, has been used «= NE <=. The 


* Submitted in partial fulfillment of the requirements for the degree of Doctor 
of Philosophy, in the Faculty of Pure Science, Department of Physiology, Columbia. 
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Liver and muscle glycogen-control values. 


NO. OF 
RATS 


9 ¢ 
16 -— 
4d 
15 ¢ 
10 4 


109° 


Jy Oy 


3.9 
63,9 
11 4,2 

i - 

10 ¢ 

109 

10 

109 

6- 
4.2 
30b 304,92 
"30 b 33 24,9 
30b 30¢,9 
30b 30¢,9 
30 b 30 24,9 
3,2 
4.9 


decapitation, 


AGE OR 
WEIGHT 


days (d.) 
grams (g.) 
110-136 g. 
70-150 d. 
70-150 d. 
100-150 g. 
100-150 g. 
123-141 g. 
*ia 
** Adult’’ 
150-200 g. 
63— 84d. 
63— 84d. 
126-275 g. 
165-235 d. 


165-235 d. 


159-400 g. 
30— 60 g. 
60— 90 d. 
** Adult’’ 
** Adult’’ 


73— 76d. 
73-— 76d. 
42d. 
40— 44d. 
40- 444. 
40— 444d. 
40— 444d. 
40— 444. 
63-— 84d. 


63— 84d. 


PREVIOUS a1 PRO- 
CEDURES 
24-hour fasted rats 
Balanced A 
Balanced B 
Balanced B 
Balanced B 
Balanced e 
Balanced B 
eer ee B 
Glueose B 
Glucose B 
Balanced D 
Balanced E 
Cheese E 
Balanced A 
77.5% CHO D 
54.0% CHO D 
Fed rats 
Balanced A 
Balanced 
Balanced B 
Sea aie A os B 
High CHO B 
High CHO B 
salanced B 
Balanced B 
Balanced D 
45% sucrose F 
Jalanced F 
60% starch F 
60% sucrose F 
60% lard F 
60% casein F 
Balanced E 
Cheese E 
al, C chloroform, 


B 


= amyte 
C.D. 


D 
coefficient of dispersion. 


LIVER 
Mean C.D. 
0.16 37.5 
0.56 89.0 
0.21 219.0 
0.34 eee 
0.09 54.4 
0.17 9.4 
1.54 
0.93 osee 
0.19 73.0? 
0.9 
0.68 
0.16 56.2 
2.10 19.5 
1.05 16.2 
3.77 
OO eee 
4.25 14.4 
2.59 | 27.6 
2.08 | 33.3* 
3.01 . 
3.34 | 26.5? 
3.74 24.8? 
4.43 21.8? 
3.85 20.9? 
2.68 | 31.5? 
3.1 
1.85 

nembutal, 


*The deviations given were assumed to be the deviation of the mean (ey). 


* The deviations given were assumed to be the probable error of the mean. 





MUSCLE 
Mean C.D 
0.30 23.3 
0.66 1200 
0.61 34.4 
0.46 
0.53 10.0 
0.39 
0.40 
0.52 ta" 
0.51 
Cae | <ie 
0.27 111 
0.45 8.9 
0.28 29.0 
0.34 147 
0.47 10.6 
0.53 15.1 
0.64 15.0 
0.43 
0.40 
0.64 §.7° 
0.31 
0.30 
0.31 
0.29 
0.31 
0.33 
0.59 
0.56 
E stunned 








USCLE 


999 
“00 


120.0 


34.4 


10.0 
773 


11.1 
8.9 


29.0 


14,7 
10.6 
15.1 


15.0 


26.0? 


24.47 


tunned 
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deviation usually given, cy, is a measure of the precision of the 
mean (Scott, ’27). Since the present interest is in the pre- 
cision of individual values this has been calculated to ¢ when 
necessary in the preceding summary. 

Although no absolute measure of accuracy is available, 
larger glycogen recoveries are probably an indication that 
the analysis has more closely approximated the actual tissue 
concentration. On the basis of this criterion an improvement 
in accuracy also has been accomplished. 

The final procedure is actually a synthesis and coordination 
of the published contributions of many individual workers 
besides ourselves. 


Methods 

Considerable care has been exercised in the selection and 
preparation of the subjects. The reported results include only 
determinations on 100-day-old, male albino rats of the Sherman 
strain. 

The Rockland dry pellet rat diet? (which contains 50% 
varbohydrate, 25% protein and 5% fat) has been used. All fed 
rats have been subjected to a 48-hour inanition period pre- 
ceding the final 12 hours of feeding. This insures that the 
animals eat uniformly at the selected time. To simulate the 
natural nocturnal feeding conditions the animal room was 
lighted until the food was provided and was kept dark until 
the last animal had been removed for sampling. 

The amount of food that had passed the stomach during the 
final feeding period was determined in the following manner. 
The rats, in individual cages, were allowed food ad libitum 
during the allotted period. After removal of the tissues for 
analysis, the stomach contents were dried over a steam bath 
and the weight deducted. Figure 1 indicates the relation 
between the amount of food per gram of body weight which 
passed the stomach and the liver glycogen concentration. By 
means of such a curve it is possible to adjust all liver glycogen 


? Manufactured by the Aready Farms Milling Company, Chicago, II. 
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Fig.1 Relationship between the food which passed the stomach and the per- 
centage of liver glycogen. The heavy r line corresponds to the least square 
criterion for the plot of the individual points. The regression lines are not shown, 
but may be plotted from the constants given. 


Explanation of symbols: 


N = the number of experimental animals. 

M, and M, are the means of the x and y values respectively. 

r, the correlation coefficient rxy Y>x x Zy*. This may take any value 
between 1 and +1. If r is zero the two factors are independent, while the 


nearer r approaches +1, the greater the degree of correlation. The deviation 


of r i= ) is significant only for large samples (>100) and with a normal 


distribution of r. 
t test of significance of the correlation coefficient in terms of the standard 
error. Given t and N, the probability (P) may be obtained from Fisher’s table. 
The regression equations may be expressed as X = M,+b,, (y—M,) and 
Y M. + b,. (X — M,) where X is the average value of x for a given value of y, 


M, is the mean of the x-values and b,, is the regression coefficient of x on y. 
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concentrations to a standard amount of food entering the 
intestine. It was found, however, that in the reported series 
the elimination of all animals having had less than 40 mg. 
of food per gram of body weight passed the stomach during 
the feeding period gave essentially the same glycogen precision 
as by adjustment. On this basis less than 5% of all animals 
have been rejected. 

The effects of small temperature fluctuations are uncertain, 
but rats kept at 12°C. for 12 to 14 hours prior to sampling 
had 45% less liver glycogen and 12% less muscle glycogen 
than similar animals at 28°. We therefore, like Barbour et al. 
(’27), maintained the animals at 28+ 1° during the pre- 
liminary procedure. 

Nembutal has been used as the anesthetic. The advantages 
of a short induction period are obvious and the high glycogen 
concentrations, ‘‘normal’’ blood sugar and lactic acid * con- 
centrations which we have obtained are indicative that glyco- 
genolysis with this anesthetic has been minimal. 

The technic of administration of the anesthetic has been 
found to be important. Less excitation occurred if the rat’s 
head was covered with a small towel while still in its cage, 
and kept covered until after injection. With 80 mg. of nembutal 
per kilogram of body weight, intraperitoneally, the animal 
passes into a state of deep anesthesia within 2 to 3 minutes. 

The gastrocnemius muscles have been frozen in situ. We 
have been unable to show any significant difference between the 
two gastrocnemii of the same animal when both are frozen 
in situ, yet in ten experiments when one was so frozen and the 
other muscle carefully dissected out and then frozen immedi- 
ately, the glycogen concentration was significantly lower (0.87 
+ 0.02) than that of the contralateral muscle (1.09 + 0.02). 


* Although lactic acid determinations were not carried out on all animals, 
the results obtained indicate that a minimal change has occurred during the 
terminal procedures. Thus a group of twelve fed rats gave the following mean 
values: muscle glycogen, 0.93 + 0.02%; blood sugar, 104 +3 mg. per cent and 


lactic acid, 19.5 + 1.6 mg. per cent. 
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In addition, maintenance of the tissue in the frozen state 
prior to the action of the alkali retards enzymatic action. 

In liver and muscle glycogen determinations any extraneous 
tissue constituent tends to decrease both the accuracy and 
precision of measurement (Guest, ’38). Fenn (739) has re- 
cently shown that the blood content of the liver may be reduced 
as much as 5% by a severe hemorrhage prior to its removal. 
Consequently 4 to 5 ec. of blood were drawn as rapidly as 
possible by heart puncture; the abdomen was quickly opened 
by longitudinal incision, and the liver was immediately re- 
moved and packed in CO, snow. The subeutaneous fat which 
might be included in the muscle sample was quickly stripped 
away after the leg had been skinned prior to being chilled. 

The frozen tissue was crushed to a powder by the method 
described by Graeser et al. (’34). The crushed tissues are 
placed on waxed paper alternately with CO, snow. In this 
way a number of tissue samples may be crushed in sequence 
and preserved frozen for mixing and introduction into the 
KOH. The connective tissue was separated from the muscle 
by shifting the powdered tissue back and forth a few times 
on the waxed paper. The tissue was weighed in KOH just 
above the dew point. This avoids loss by evaporation and 
gives no indication of glycogen loss. 

The Blatherwick et al. (’35) modification of the Good, 
Kramer and Somogyi method (’33) has been used, further 
modified as noted. After the acid hydrolysis, glucose was 
determined by the method of Shaffer and Hartmann (’21), 
with use of the table and the precautions given by Duggan 
and Scott (’26). The reducing action of non-glycogen sub- 
stances does not seem to be significantly great. This was shown 
by adding the supernatant fluid from centrifuged saliva to the 
crushed tissue and incubation at 40°C. for 30 minutes in a pH 
6.9 buffered solution. Less than 0.05% reducing substance 
per gram of wet tissue was recovered when the digested tissue 
was carried through the glycogen method. 
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Results 


In a series of sixty-seven rats, standardized as described, a 
mean liver glycogen (as glucose) of 8.25 + 0.79 gm. per 100 
gm. of wet tissue and a mean muscle glycogen of 1.06 + 0.13 
gm. per 100 gm. of wet tissue were obtained. The coefficients 
of dispersion were 9.6 and 12.3 respectively. 

When these results are compared with those obtained by 
other workers (see table 1) the increase in the level and the 
decrease in the coefficients of dispersion are apparent. In 
another series of twenty rats in which (1) the temperature, 
(2) the light, (3) the food intake, (4) excitation and (5) the 
hemorrhage were uncontrolled the mean glycogen values were 
respectively 5.6 + 1.2 and 0.81 + 0.33 for liver and muscle. 
The differences in both recovery and precision between the 
two groups are obvious. 





II. NUTRITIONAL CONTROL AS A MEANS FOR THE STANDARDIZATION 
OF LIVER AND MUSCLE GLYCOGEN CONCENTRATIONS 
AT DESIRED LEVELS 
The possibility of experimental modification in tissue 
glycogen concentrations is frequently dependent on the con- 
trol levels. Controlled variation of the nutritional state 
appears to be the most physiological and direct means of estab- 
lishing these control concentrations at a convenient level. 
Procedures are described which have been found capable of 
varying the liver glycogen concentration from practically 
zero to over 8% of the tissue wet weight. In this work certain 
additional facts were brought out which are of interest. 


Methods 


In addition to the Rockland rat diet (designated ‘‘carbo- 
hydrate’’), two others have been used: One, a protein diet, 
consisting of meat scraps,‘ contained 55% protein, 5.6% fat, 
and less than 1% carbohydrate. The other, designed to pro- 
mote gut activity while furnishing little or no caloric value, 


* Armour’s. 
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contained agar-agar (100 gm.), mineral oil (4 gm.) and 
Liebig’s extract (1 gm.); these ingredients were thoroughly 
mixed by grinding. 

All animals were fed the Rockland rat diet until 7 days 
before the tissue analysis, and some until the preliminary 
fasting periods. During the 7 days preceding sampling the 
protein diet animals were allowed to eat the meat scraps 
ad libitum except during the preparatory fasting periods. 
Animals fed on both diets were fasted for 48 hours as a pre- 
liminary to the final 12-hour feeding. The agar-fed animals 
received the Rockland rat diet followed by 24 hours of agar- 
agar feeding. In each experimental group carbohydrate and 
protein pre-fed rats were fasted at atmospheric pressure and 
served as controls for animals in the same nutritional states 
which were fasted at one-half atmosphere pressure as de- 
scribed by Evans (734). 


Results 


The mean values are summarized in table 2. The total 
blood sugar and liver and muscle glycogen are shown in figure 
2. In this figure the carbohydrate-fed group is considered as 
100%, and the values for each of the other groups are given 
in relation to this. 


Discussion 


By means of the feeding procedures that have been de- 
scribed, it is possible to obtain liver glycogen concentrations of 
less than 0.1% to over 8% of the liver wet weight. The muscle 
glycogen concentrations exhibit less variation between the 
groups, the lowest being 0.60% for the agar-fed rats and the 
highest 1.06% for the carbohydrate-fed group. 

The effect of the proportion of protein upon the glycogen 
concentrations of the tissues is dependent upon whether the 
analysis immediately follows feeding or 24 hours of inanition. 
Carbohydrate-fed rats yielded over three times as much liver 
glycogen and a significantly greater muscle glycogen con 




























CARBOHYDRATE METABOLISM IN THE RAT 213 


centration than those similarly fed the protein diet. Our 
results thus confirm the conclusions of Greisheimer and John- 
son (30a) relative to liver glycogen and give evidence of 
a related muscle glycogen behavior. 

In contrast to those fully fed, animals pre-fed with meat 
scraps and fasted for 24 hours invariably exhibited a higher 
liver glycogen concentration than those pre-fed with the 
carbohydrate diet. The probability of this difference is high 
when both groups are maintained at atmospheric pressure. 


TABLE 2 
The tissue glycogen and blood sugar in various nutritional conditions. 


—— MEAN MEAN 

NO pot yy MUSCLE BLOOD 
GROUP — INANI- OF _ aD = }Sd2 GLYCOGEN | Sd2 | SUGAR V br 
_ TION pars | precisron | V N-1 a Vy-1 ND Pre- Vy) 

oo wane PRECISION CISION 

a OF MEAN OF MEAN 
1 CHO None 67 8.25+0.10 +0.79, 1.06+0.02 +0.13 104+2|) +15 
2 Prot. None 8 | 2.52+0.18 +0.52 0.81+0.02 +0.06 105+4| +12 
3 CHO 24 hr. 10 =| :0.35+0.09 +0.30 0.68+0.02 +0.06 91+6) +18 
4 Prot. 24hr. 10 =| 1.01+0.07 +0.23 0.70+0.02 +0.06) 110+3 | +11 
5? CHO 24 hr. 10 1.77+0.18 +0.56 0.85+0.04 |+0.12) 123+4) +13 
6? Prot. 24 hr. 10 3.74+0.25 | +0.79 0.96+0.05 +0.17| 12944) +13 
7 Agar A 13 =|: 0.08+0.01 | +0.05)| 0.60+0.01 |+0.05| 104+2| + 9 
8 CHO B 8 6.24+0.20 | +0.55 102+2| 27 
9 CHO C 5 |5.91+0.22 +0.48 |103+2| + 4 


* Maintained at one-half atmosphere during the inanition period. 

A = Agar-agar fed during the final 24-hour period. 

B = Allowed 5.1 gm. Rockland rat diet per 100 gm. rat during the final 12-hour 
feeding period. 

C = Allowed 4.0 gm. Rockland rat diet per 100 gm. rat during the final 12-hour 
feeding period. 

Glyeogen given as glucose in per cent of tissue wet weight. 

Blood sugar given in milligrams per cent. 


The same relation, but with greater difference, is found when 
the rats are subjected to a pressure of one-half atmosphere 
during the fasting period. Differences in muscle glycogen 
and blood sugar between the protein and carbohydrate groups 
are not statistically significant, but seem to parallel that 
of the liver glycogen. 
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These results are not in agreement with the conclusions 
of most other workers. MacKay and Bergman (’33), working 
with three rats per group, reported a higher glycogen con- 
centration in the livers of carbohydrate pre-fed animals after 
24 hours of starvation than in those pre-fed on a diet pre- 
dominately protein or fat. However, after 48 hours of fasting 
their rats which were pre-fed with the high protein diet 
showed higher liver glycogen than did those pre-fed with 
a high carbohydrate diet. Bollman and Mann (736) also re- 
ported similar results with dogs, but did not state the number 
of animals used nor the experimental deviations. The workers 
cited fed their experimental diets from 18 to 45 days. Mark- 
edly unbalanced diets, when fed over a long period of time, 
may conceivably alter the liver function. 

Our results thus indicate that an adequate supply of carbo- 
hydrate maintains the liver glycogen at a higher level during 
feeding than a diet deficient in carbohydrate, but high in 
protein. In contrast, 24-hour fasted animals are better able 


Fig.2 Representation of the distribution of liver and muscle glycogen and 
blood sugar in the experimental groups. The calculation of the total liver glycogen 
is based on the weight of the liver and the animal and the determined glycogen 
percentage. The muscle glycogen value is based on the assumption that the muscle 
tissue makes up 50% of the body weight and that the flexor leg muscles are 
representative of the muscles as a whole. The total sugar in the blood is caleulated 
from the blood sugar determination and the assumption that the blood constitutes 
8% of the body weight. 

Fig.3 The relation between the blood sugar and the log. value of the liver 
glyeogen concentration. In all fed groups studied the mean blood sugar is ap- 
proximately 104 mg. per cent, regardless of the liver glycogen concentration. 
The r line for the fasted groups and the locations of the means are indicated. For 
the forty fasted animals, r= 0.770, t = 6.67, P = 0.001, b,, = 0.002 and b,, = 
29.16. The results of a few other investigators are also shown. Because of lack 
of space on the graph the reference Cori, ’28a, ’28b, refers to Cori and Cori, 
"28a, ’28b; MacKay, ’33, to MacKay and Bergman, ’33, and Lawrence, ’31, to 
Lawrence and MeCance, 731. 

Fig.4 Graphical representation of the relation between the muscle glycogen 
and blood sugar concentrations in fasted animals. 

Fig.5 The relation between muscle and liver glycogen in fasted and in fed 
animals. The upper curves have been recaleulated on a total liver and muscle 
glyeogen basis as explained in the text. The lower curves give the relations 


between the concentrations, 
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to maintain the liver glycogen when pre-fed a high protein 
diet. For protection during periods of inanition, a high protein 
diet for a comparatively short period previous to the fast, 
is indicated. 
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The character of the metabolic changes which occur during 
fasting may become more apparent through an experimental 
treatment which exaggerates or amplifies these changes. Evans 
(’34, ’36) reported that when he kept rats at a pressure of 
one-half atmosphere during the period of fasting, the liver 
glycogen was sensibly the same as that of comparable fully- 
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fed animals, whereas the nitrogen excretion was higher. 
Evans’s data together with our own results provide strong 
evidence that gluconeogenesis from protein is accelerated 
under the low pressure conditions and that protein is made 
more readily available for gluconeogenesis during periods 
of fasting by means of protein excess in the diet previous to 
inanition. 

The effect of an active gut in fasted animals was investi- 
gated by means of the agar-agar diet. Although the animals on 
this diet were without absorbable food for the same length of 
time as were the 24-hour fasted animals, both the liver and 
muscle glycogen concentrations were found to be significantly 
lower than with any of the fasted groups. It is worth noting 
that three animals which were given magnesium sulfate by 
stomach tube and then fasted for 24 hours showed liver and 
muscle glycogen concentrations (0.15 and 0.64) comparable 
to the agar animals. Several interpretations, not mutually 
exclusive, of these low values are possible: (1) Increased 
gut activity may deplete the glycogen stores through increased 
energy demands. (2) The agar-agar acting as a mild cathartic 
may empty the gut of absorbable materials more effectively 
than fasting. (3) The active gut may call forth circulatory, 
hormonal or nervous responses which influence glycogenesis 
or glycogenolysis in the liver. 


III. THE INTERRELATIONSHIPS OF THE CONCENTRATIONS OF 
TISSUE CARBOHYDRATES 

These were studied by a regression analysis (Fisher, ’36) 
of the data accumulated in part II and representing about 
300 animals. In all cases the fasted and fed animals were 
treated separately. 

1. Blood sugar-liver glycogen. No demonstrable relation- 
ship has been found between the blood sugar and the liver 
glycogen in any of the fed groups. The mean blood sugars 
in these groups show no significant differences, regardless of 
the liver glycogen concentration. In figure 3 the mean values 

















CARBOHYDRATE METABOLISM IN THE RAT 217 


for all of the fed groups fall on or near a line parallel to the 
X-axis. 

In contrast to the results in the fed groups, the mean blood 
sugar concentrations for the fasted groups vary directly as a 
function of the log. value of the liver glycogen concentration 
(fig. 3). The correlation coefficient (r) for the fasted indi- 
viduals is 0.770 and t is 6.67. Thus the probability of an 
important physiological relation is indicated ; the physiological 
significance being measured by r and the probability by t. 

The conclusion that different mechanisms are responsible 
for the blood glucose-liver glycogen relationship in feeding 
and in fasting animals is not warranted by the evidence 
available. However, it does appear that physiological adjust- 
ments are made in the transition between the two nutritional 
states. It may be significant that Cori, Cori and Schmidt 
(’39) in phosphorylation studies obtained more potent phos- 
phorylase extracts from the livers of well-fed rabbits than 
from those of fasting animals. 

2. Blood sugar-muscle glycogen. Although no relationship 
could be found between the blood sugar and muscle glycogen 
concentrations of the fed animals, in the fasted rats there 
appears to be a definite tendency for the individual muscle 
glycogen-blood sugar values to fall about the curve indicated 
in figure 4. This type of curve is not susceptible to treatment 
by ordinary regression methods, as there appears to be an 
inflection at a muscle glycogen concentration of about 0.75% 
and a blood sugar concentration of about 120 mg. per cent. 
Thus the relationships between the blood sugar and the 
muscle glycogen appear to be made up of two components. 
Below the inflection the muscle glycogen decreases gradually 
while the blood sugar falls rapidly, indicating the maintenance 
of a minimal muscle glycogen, even though the blood sugar 
values are low. Above the inflection the blood sugar, although 
showing considerable variation, exhibits no general tendency 
toward higher concentrations as the muscle glycogen increases 
to 1.40%. This appears to indicate that the muscles are capable 
of acting as carbohydrate ‘reservoirs when the blood sugar 
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concentration rises above a physiological level. It is evident 
that such a mechanism would be effective in conserving carbo- 
hydrate and in preventing the blood sugar from reaching the 
renal threshold. 

3. Liver-muscle glycogen. The correlation between the liver 
and muscle glycogen concentrations for both the fed and the 
fasted rats is high. The caleulated straight lines which best 
represent the distribution of the individuals are shown in 
the lower parts of figure 5. 

The principal difference in the curves representing the two 
nutritional states is that, although they are roughly parallel, 
the straight-line relationship of the fasted group is displaced 
upward on the muscle glycogen axis. Thus a greater per- 
centage of muscle glycogen is found in the fasted animals per 
unit percentage of liver glycogen than in the fed rats. This 
displacement may be a reflection of decreased muscular ac- 
tivity in the fasted rats or it may be indicative of a generally 
altered metabolism with redistribution of the carbohydrate 
stores. Both of these factors are possibly involved. 

In contrast with the large differences between the extremes 
of liver and muscle glycogen concentrations, the total liver 
glycogen, when plotted against the total muscle glycogen, 
exhibits a more nearly one to one proportionality. The latter 
relationships are shown in the upper part of figure 5. In esti- 
mating the total muscle glycogen, the skeletal muscles were 
assumed to constitute 50% of the body weight and the glycogen 
percentage in the flexor leg muscles was assumed to be repre- 
sentative of the muscles as a whole. The total liver glycogen 
value is based on the actual wet weight of the liver and the 
determined glycogen concentration. These have been recaleu- 
lated on the basis of a 100-gm. rat. Although the total muscle 
glycogen is about ten times that of the total liver glycogen, 
they tend to increase or decrease together. In the economy of 
the organism, therefore, the greater mass of muscle tissue 
appears to be a major factor in sustaining its relatively 


constant glycogen concentration. 
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SUMMARY 


1. By means of the described procedures the recovery of 
glycogen from the liver and muscle of fed rats is higher than 
has been previously reported with a substantial reduction in 
the coefficient of dispersion. 

2. (a) By means of nutritional control, liver glycogen con- 
centrations may be established to a practical precision at any 
desired level (from 0 to 8% of the tissue, wet weight). (b) Rats 
on a diet predominating in carbohydrate have a significantly 
higher liver glycogen concentration at the end of the feeding 
period than rats on a diet high in protein. However, the 
reverse is true after the food has been withheld for 24 hours. 
(c) Maintenance of the animals at a pressure of one-half 
atmosphere during the fasting period exaggerates the effects 
of the pre-inanition diets on the liver and muscle glycogen and 
the blood sugar concentrations. 


» 


3. (a) It has been indicated by a regression analysis that 
a positive physiological relation exists between the blood sugar 
and the log. value of the liver glycogen concentration in fasted 
rats and between the liver and muscle glycogen concentrations 
in both fed and fasted rats. (b) Indications are given of a 
relationship between the blood sugar and the muscle glycogen 
concentrations in fasted rats. 
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